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SECTION  I 


INTRODUCTION 


For  more  than  25  years,  the  primary  fuel  for  USAF  gas-turbine-powered 
aircraft  has  been  JP-4,  a  wide-cut  distillate  with  excellent  combustion 
characteristics  and  lov-teavperature  capability.  Typically,  its  heating  value 
has  been  over  43.5  MJ/kg  (18,700  BTU/lb) ,  its  freezing  point  below  219  K  (-65°  F) , 
and  its  aromatic,  content  quite  low,  around  11  percent  by  volume.  A  prime 
consideration  in  the  definition  of  JF-4  was  that  during  wartime,  a  large  per¬ 
centage  of  domestic  crude  oil  could  be  converted  into  this  product  with  minimum 
delay  and  minimum  impact  on  other  major  users  of  petroleum  products. 

Conversion  from  high  volatility  JP-4  to  lower  volatility  JP-8,  which  is 
similar  to  commercial  Jet  A-l ,  as  the  primary  USAF  aircraft  turbine  fuel  has 
been  under  consideration  since  1978.  The  strong  motives  for  the  change  are  NATO 
standardization  and  reduced  combat  vulnerability. 

Domestic  crude  oil  production  peaked  in  1971  and  has  been  steadily  declining 
since  that  time,  while  demand  has  continued  to  increase.  Thus,  particularly 
since  1973,  the  cost  and  availability  of  high-grade  aircraft  turbine  fuels  have 
drastically  changed.  These  considerations  have  spurred  efforts  to  determine  the 
extent  to  which  current  USAF  fuel  specifications  can  be  broadened  to  increase  the 
yield  from  available  petroleum  crudes  and,  ultimately,  to  permit  production  from 
other  sources  such  as  coal,  oil  shale,  and  tar  sands. 

As  a  result  of  the  current  and  projected  fuel  situation,  the  USAF  has 
established  an  aviation  turbine  fuel  technology  program  to  identify  JF-4  and/or 
JF-J  fuel  specifications  which: 

1)  Allow  usage  of  key  world-wide  resources  to  assure  availability. 

2)  Minimize  the  total  cost  of  aircraft  system  operation. 

3)  Avoid  sacrifices  of  engine  performance,  flight  safety,  or 
environmental  impact. 

Engine,  airframe,  logistic  and  fuel  processing  data  are  being  acquired  to  establish 
these  specifications.  This  report  contributes  to  the  needed  data  base  by 
describing  the  effects  of  fuel  property  variations  on  the  General  Electric  J79-17A 
engine  main  combustion  system  with  respect  to  performance,  exhaust  emissions, 
and  durability.  Similar  programs,  based  on  the  General  Electric  F101  engine  and 
the  Detroit  Diesel  Allison  TF41  and  High  Mach  engines,  are  also  being  conducted. 
Collectively,  these  programs  will  provide  representative  data  for  the  engine 
classes  that  are  expected  to  be  in  substantial  use  by  the  USAF  in  the  1980's. 

This  report  summarizes  the  results  of  a  13-month,  three-task  program  which 
was  conducted  to  clearly  identify  which  fuel  properties  are  important  to  J79-17A 
engine  combustor  operation  and  quantitatively  relate  fuel  property  variations 
to  combustor  performance,  emission  characteristics  and  durability  characteristics . 
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Thirteen  test  fuels  provided  by  the  USA7  *ere  utilized.  Descriptions  and 
properties  of  these  fuels  are  presented  in  Section  III.  In  Task  I  of  the  program, 
test  planning  and  preparations  were  made,  based  on  use  of  the  J79  engine  combustion 
system  components  and  operating  characteristics  described  In  Section  IV,  and  on 
the  three  teat  rigs  and  procedures  described  In  Section  V.  In  Task  II  of  the 
program,  46  teats  (14  high  pressure/temperature  combustor  performance/emisslons/ 
durability  tests,  14  low  pressure/temperature  combustor  cold-day  ground  start/ 
altitude  relight  tests,  and  18  high  temperature  fuel  nozzle  fouling  tests)  were 
conducted.  These  are  suHerlzed  in  Section  Vl-A.  In  Task  III  of  the  program 
these  test  data  were  analyzed  to  establish  the  fuel  property  correlations  also 
presented  in  Section  VI-A  and  to  establish  the  engine  system  life  predictions 
presented  in  Section  Vl-B. 


2 


SECTION  II 


1 


SUMMARY 


The  purpose  of  this  program  was  to  determine,  by  combustor  rig  tests  and  data 
analyses,  the  effects  of  fuel  property  variations  on  the  performance,  exhaust 
emission,  and  durability  characteristics  of  the  General  Electric  J79-17A.  turbojet 
engine  main  combustion  system.  Thirteen  refined  and  blended  fuels  which 
incorporated  systematic  variations  in  hydrogen  content  (12.0  to  14.5  weight 
percent),  aromatic  type  (monocyclic  or  bicyclic) ,  initial  boiling  point  (285  to 
393  K  by  gas  chromatograph),  fina1  boiling  point  (552  to  675  K,  also  by  gas 
chromatograph),  and  viscosity  (0.83  to  3.25  mm^/s  at  300  K.)  were  evaluated  in: 

(a)  14  high  pressure/temperature  combustor  performance/emissions/durability 

tests;  (b)  14  low  pressure/temperature  combustor  cold-day  ground  start  altitude 
relight  tests;  and,  (c)  18  high  temperature  fuel  nozzle  fouling  tests. 

At  high  engine  power  operating  conditions  (takeoff,  subsonic  cruise,  super¬ 
sonic  dash)  fuel  hydrogen  content  was  found  to  be  a  very  significant  fuel  property 
with  respect  to  liner  temperature,  flame  radiation,  smoke  and  N0X  emission  levels, 
and  carbon  deposition.  Each  of  these  parameters  decreased  with  increasing  fuei 
hydrogen  content,  but  no  discernible  effect  of  any  of  the  other  fuel  properties 
was  found.  Carbon  monoxide  and  HC  emissions  were  very  low  at  each  of  these 
operating  conditions  with  all  of  the  fuels.  Combustor  exit  temperature  profile 
and  pattern  factor  were  essentially  the  same  with  all  fuels,  but  a  constant 
difference  between  the  two  assemblies  used  was  noted. 

At  engine  idle  operating  conditions,  the  same  strong  effects  of  fuel 
hydrogen  content  on  smoke  level,  liner  temperature,  and  flame  radiation  were 
evident.  Carbon  monoxide,  HC,  and  N0X  levels  were  found  to  be  independent  of 
fuel  hydrogen  content,  but  a  small  effect  of  fuel  volatility  (as  indicated  by  10 
percent  recovery  temperature)  on  CO  and  HC  levels  was  found. 

At  cold-day  ground  start  conditions  (to  329  K)  lightoff  was  obtained  with  all 
fuels,  but  the  required  fuel-air  ratio  increased  with  the  more  viscous  fuels, 
primarily  as  a  result  of  the  associated  increases  in  relative  fuel  spray  droplet 
size. 

At  altitude  relight  conditions,  the  current  engine  relight  limits  with  JP-4/ 

JP--5  fuel  were  essentially  met  or  exceeded  with  all  of  the  JP-4-  or  JP-8-based 
fuel  blends.  However,  a  very  significant  reduction  in  altitude  relight 
capability  was  found  when  a  standard  No.  2  diesel  fuel  was  tested,  indicating 
again  a  strong  effect  of  fuel  atomization  characteristics.  Improved  fuel 
injectors  and/or  higher  ignition  energies  would  be  needed  with  a  diesel-type  fuel. 

Combustor  liner  life  analyses,  based  on  the  test  data,  were  conducted.  These 
analyses  resulted  in  relative  life  predictions  of  1.00,  0.78,  0.52  and  0.35  for  j 

fuel  hydrogen  contents  of  14.5  14.0,  13.0,  and  12.0  percent,  respectively.  Turbine  i 

syste  i  life  is  not  predicted  to  change  for  any  fuels  with  properties  within  the  I 

matri  .  tested.  ! 
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A  series  of  shore  but  severe  fuel  nozzle  tests  did  not  revesl  any  aajor 
problems  with  the  fuels  in  the  matrix.  This  was  expected,  based  on  service 
history.  However,  considerable  additional  long-time  tests  are  needed  to  fully 
assess  the  effects  of  fuel  thermal  stability  characteristics  on  fuel  system 
performance  and  combustor/turbine  life. 


SECTION  III 


TEST  FUEL  DESCRIPTION 


A .  General  Description 

Thirteen  test  fuels  were  supplied  by  the  USAF  for  combustion  system 
evaluation  in  this  program.  These  fuels  included  a  current  JP-4,  n  current  JP-8 
(which  was  out  of  specification  on  freeze  point),  five  blends  of  the  JP-4 ,  five 
blends  of  the  JP-8,  and  a  No.  2  diesel.  The  blends  were  made  up  by  the  USAF  to 
achieve  three  different  levels  of  hydrogen  content:  12,  13,  and  about  14  percent 
by  weight.  Two  different  types  of  aromatics  were  used  to  reduce  the  hydrogen 
content  of  the  base  fuels:  a  monocyclic  aromatic  (xylene  bottoms),  and  a  bicycllc 
aromatic  described  by  the  supplier  as  "2040  solvent"  (a  naphthalene  concentrate) 

A  third  blend  component,  used  to  increase  the  final  boiling  point  and  the 
viscosity  of  two  blends,  is  described  as  a  Mineral  Seal  Oil,  a  predominantly  (90 
percent)  paraffinic  white  oil. 

The  rationale  for  the  selection  of  this  test  fuel  matrix  was  to  span  systematic¬ 
ally  the  possible  future  variations  in  key  properties  that  might  be  dictated  by 
availability,  cost,  the  change  from  JP-4  to  JP-8  as  the  prime  USAF  aviation 
turbine  fuel,  and  the  use  of  nonpetroleum  sources  for  jet  fuel  production.  The 
No.  2  dies?!  was  aoiecced  to  approximate  the  Experimental  Referee  Broad 
Specification  (ERBl.)  aviation  turbine  fuel  that  evolved  in  the  NASA-Lewis  workshop 
on  Jet  Aircraft  Hydrocarbon  Fuel  Technology  (Reference  1). 


0 .  Physical  and  Chemical  Properties 

Fuel  properties  shown  in  Tables  1,  2,  and  3  were  determined,  ior  the  most 
part,  by  Monsanto  Research  Corporation  under  contract  to  the  USAF.  Table  4 
presents  conventional  fuel  inspectio  i  data  determined  by  the  Aerospace  Fuels 
Laboratory,  WPAFB.  These  data  may  be  useful  for  assessing  the  accuracy  of  test 
methods  and  comparing  these  fuels  to  those  used  in  other  investigations. 

In  Table  1,  density,  viscosity,  surface  tension,  and  vapor  pressure  are 
presented  at  a  common  temperature,  together  with  temperature  coefficients  which 
were  calculated  by  GE  from  Monsanto  three-point  data.  Also  shown  in  Table  1  arc 
the  fuel  components,  hydrogen  content  determined  by  the  USAF  using  ASTM  Method 
P3701  (Nuclear  Magnetic  Resonance),  and  heating  value  determined  by  Monsanto 
using  ASTM  Method  0240-64.  Heating  value  of  these  fuels  (Qnct,  MJ/kg)  is  very 
nearly  a  unique  function  of  hydrogen  content  (H,  %)  which  can  be  closely 
approximated  by: 


Q  „  -  35.08  +  0.5849  H  (1) 

net 

Surface  tension  la  virtually  the  same  for  all  of  the  fuels.  The  other  properties 
are,  in  general,  quite  dependent  upon  fuel  components  as  well  as  on  hydrogen  content. 

Table  2  shows  hydrocarbon  type  analyses  by  mass  spectroscopy  (ASTM  Method 
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D2789)  and  Figure  1  shows  a  comparison  of  total  aromatics  determined  by  mass 
spectroscopy  (from  Table  2)  and  by  fluorescent  indicator  absorption  (ASTH  Method 
D1319  from  Table  '.).  It  is  apparent  that  there  Is  a  conaisten.  bias  between  the 
results  by  the  two  methods,  with  the  mass  spectrometer  yielding  che  more  favorable 
(lower  aromatic)  results,  particularly  with  the  JP-8-baaeu  fuels.  Aromatic  type 
(monocyclic  or  blcycllc)  does  not  appear  to  affect  this  bias. 

Figure  2  shows  the  variation  In  fuel  aromatic  conttnh  (by  mass  spectroscopy) 
with  hydrogen  content  for  these  fuels.  There  is,  of  com  e,  strong  negative 
correlation,  but  it  Is  aonarent  that  both  base  fuel  type  and  aromatic  comoonent 
structures  affect  this  relationship. 

Table  3  lists  the  Gas  Chromatographic  Simulated  Distillation  (ASTM  Method 
D2887)  data  for  each  of  the  test  fuels.  Among  the  blended  fu  Is,  those  containing 
the  Mineral  Seal  Oil  (Fuels  No.  3  and  No.  12)  had  the  1  ’hast  final  boiling  points. 
Figure  3  shows  the  complete  simulated  distillation  cu.  for  the  three  basic  fuels 
and  the  variation  in  initial  and  end  points  for  all  o'.  the  blends.  Points  worthy 
of  note  are: 

1)  All  of  the  JP-4  blends  had  Initial  boiling  points  (IBP's) 
essentially  Identical  to  that  of  the  base  JP-4  fuel 
(about  300  K) . 

2)  All  of  the  JP-8  blends  and  the  diesel  fuel  had  IBP's  essentially 
identical  to  that  of  the  base  JP-8  fuel  (strut  385  K) . 

3)  All  of  the  JP-8  blends  had  final  boiling  points  (FBP’s)  not 
greatly  different  from  that  of  the  base  JP-8  fuel  (about  590  K) . 

4)  The  JP-4  blends  had  a  broad  range  of  FBP’s,  spanning  those  of 
the  JP-8  blends  (about  585  +  35  K) . 

5)  The  diesel  fuel  had  a  significantly  higher  FBP  (about  680  K) . 

Figure  4  compares  fuel  volatility  characteristics  as  measured  by  gas 
chromatography  and  conventional  distillation  (ASTM  Method  D86).  It  is  apparent 
that  gas  chromatography  significantly  extends  the  apparent  boiling  range  in  both 
directions;  the  IBP  and  10  percent  recovery  temperatures  are  lowered  while  the 
90  percent  recovery  and  FI!?  temperatures  are  raised.  Temperature  differences 
of  up  to  about  70  K  are  obtained  by  the  tvo  procedures. 


C .  Thermal  Stability  Characteristics 

The  thermal  stability  of  test  fuels  was  determined  by  the  Jet  Fuel  Thermal 
Oxidation  Tester  (JFT0T)  described  in  ASTM  Method  D3241.  The  actual  thermal 
stability  Is  given  in  terms  of  the  breakpoint,  which  is  defined  as  the  highest 
(metal)  temperature  at  which  the  fuel  "passes”  by  both  filter  pressure  drop  and 
tube  rating.  A  fail  on  pressure  drop  is  25  tm  Hg  pressure  drop  or  more  in  less 
than  150  minutes.  A  "fail"  oi.  the  tube  is  a  color  code  of  3  or  darker  as  described 
in  the  ASTM  procedure.  In  practice,  the  fuel  is  tested  first  at  the  estimated 
breakpoint,  and  then,  depending  upon  whether  it  fails  or  passes,  is  rerun  at  a 
temperature  10K  lower  or  higher  until  the  breakpoint  is  established. 
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Figure  2.  Variation  of  Fuel  Aromatic  Content  vlth  Hydrogen  Content. 
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Figure  3.  Comparison  of  Ca*  Ct ironatographic  Simulated 

Distillation  Characteristics  of  the  Test  Fuels, 
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Table  5  shows  the  JFTOT  data  that  were  provided  by  the  USAF.  Occasionally, 
anomalous  or  indeterminate  results  were  obtained,  and  sometimes  the  fuel  sample 
(one  gallon)  was  expended  before  the  breakpoint  was  determined.  For  these  reasons, 
breakpoints  arc  not  shown  for  all  of  the  test  fuels.  Anamolous  results  are  those 
in  which  two  or  more  tests  of  the  same  fuel  at  the  same  temperature  showed  both 
a  "pass"  and  a  "fail."  Indeterminate  results  are  those  In  which  a  fuel  passes  or 
falls  by  both  tubs  color  and  pressure  drop,  but  in  which  no  additional  tests  were 
run  at  higher  or  lower  temperature  to  determine  by  which  criterion  it  would  fail 
first.  Generally,  it  appears  that  the  repeatability  aad  reproducibility  of  the 
breakpoint  is  greater  than  the  difference  in  thermal  stability  of  the  base  fuels 
and  their  blends. 

Table  6  is  an  attempt  to  assign  ratings  to  the  fuels,  despite  some  apparent 
lack  of  precision  in  the  test  results.  The  JP-8  base  fuel  appears  to  be 
significantly  more  stable  than  the  JP-4  base  fuel.  The  addition  of  Mineral  Seal 
Oil  has  no  apparent  effect  on  the  thermal  stability.  This  would  be  expected, 
since  it  is  a  high-purity  white  oil,  suitable  for  medicinal  and  food  applications. 
The  addition  of  both  types  of  aromatics  appears  to  have  little  or  no  adverse 
effect  on  thermal  stability. 


D.  Computed  Combustion  Parameters 

Table  1  shows  several  fuel  parameters  which  were  computed  fro=  the  physical 
and  chemical  properties  for  use  in  conducting  the  combustion  tests  and  analyses 
of  the  results. 


Fuel  hydrogeu-carbo'j  atom  ratio  (n)  was  used  in  the  exhaust  gas  sample 
calculation.  It  was  calculated  directly  from  the  hydrogen  weight  percent  (H) 
by  the  relationship: 


11.915  H 
100  -  H 


(2) 


and  ranged  from  1.625  to  2.021  as  hydrogen  content  increased. 

Stoichiometric  fuel-air  ratio  (fst)  was  used  to  calculate  comparative 
adiabatic  flame  temperatures.  It  wis  calculated  from  the  fuel  hydrogen-to-carbon 
ratio  (n)  by  the  relationship: 

_  0.0072324  (1.008  n  +  12.01) 
st  (1  +  0.25  n)  Ki) 


which  assumes  that  the  fuel  is  Ct^,  that  the  air  is  20.9495  volume-percent  oxygen, 
and  that  the  air  has  a  molecular  weight  of  28.9666.  For  the  test  fuels  the 
stoichiometric  fuel-air  ratio  ranged  from  67.50  to  70.19  g- fuel/kg-air  as  hydrogen 
content  decreased. 

Stoichiometric  flame  temperature  was  used  in  analyses  of  emissions.  It 

was  calculated  at  takeoff  operating  conditions  (13  =  66i  K,  P3  =  1.359  MPa)  using 
a  standard  equilibrium- thermodynamics  computer  program  (Reference  2)  and  ranged 
from  2c94  to  2515  F.  as  hydrogen  content  decreased. 
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Relative  required  fuel  flow  rate  was  used  in  all  combustion  tests  to  adjust 
the  JI’-4  fueled  engine  cycle  operating  fuel  flow  rates  for  the  reduced  heating 
values  of  the  other  fuels.  The  factor  is  merely  the  ratio  (Q,p  , /Q)  aid  ranged 
from  1.000  to  1.0395. 


Relative  fuel  spray  droplet  size  was  used  in  analyses  of  the  low-power 
emissions  and  relight  performance.  The  J79-17A  combustion  system  employs  pressure- 
atomizing  fuel  nozzles,  so  Jusaja's  correlation  parameter  for  this  type  atomizer 
(Reference  3)  was  used  to  estimate  the  relative  fuel  spray  droplet  Sauter  Mean 
Diameter  (SMD)  from  the  test  fuel  density  (p),  surface  tension  (o)  and 
viscosity  (v)  by  the  relationehip : 


(SMD) 

<sS»Jp_4 


_ v_  .046  .  o  .0.6  .  p  .0.43 

V  ^  '  V)  ' 

JP-4  °JP-4  pJP-4 


(4) 


As  shown  In  'table  7,  none  of  the  blending  agents  appreciably  changed  the  predicted 
relative  droplet  size  of  the  base  fuel.  However,  the  JP-8-based  fuels  are 
predicted  to  produce  mean  droplet  sizes  about  23  percent  larger  than  those  of  the 
JP-4  fuel.  Further,  the  diesel  fuel  is  expected  to  produce  mean  droplet  sizes 
about  41  percent  larger  than  those  of  the  JP-4  fuel. 


SECTION  IV 


J79  ENGINE  ANU  COMgl’STlON  SYSTEM  DESCRITTION 


A .  Overall  Engine  Description 

Tin-  J79  engine  is  a  lightweight,  high-thrust,  axial-flow  turbojet  engine 
with  variable  afterburner  thrust.  This  engine  was  originally  qualified  in  1956. 
Since  that  time  various  models  with  improved  life  and  thrust  have  been  developed. 
The  model  currently  in  use  by  the  USAF,  the  J79-17A,  was  the  reference  engine 
for  this  program.  An  overall  view  of  the  engine  is  presented  in  Figure  5.  The 
J79  has  a  1 7-stage  compressor  in  which  the  inlet  guide  vanes  and  the  first  six 
stator  stages  are  variable.  The  compressor  pressure  ratio  is  approximately 
13.4:1.  The  combustion  system  is  eannular  with  ten  louvered  combustcrs.  The 
turbine  has  an  air-cooled  first-stage  stator  and  a  three-stage  uncooled  rotor 
that  is  coupled  directly  to  the  compressor.  The  engine  rotor  is  supported  by 
three  main  bearings.  The  afterburner  is  fully  modulating  with  s  three-ring  "V” 
gutter  flameholder.  Afterburner  thrust  variation  is  accomplished  by  means  of 
fuel  flow  scheduling  and  a  variable  area  exhaust  nozzle- 


B ■  Combustion  System  Description 

The  J79  engine  employs  a  eannular  combustion  system  with  ten  combustion  cans. 
The  ten  cans  are  located  between  an  inner  and  outer  combustion  casing  forming  an 
annular  passage.  The  combustion  system  flowpath  is  illustrated  in  Figure  6.  An 
exploded  view  of  the  system  with  the  various  components,  including  the  compressor 
rear  frame  and  the  turbine  first-stage  nozzle,  is  shown  in  Figure  7.  Figure  8 
shows  the  combusior  cans  (one  omitted)  mounted  in  an  engine  transition  duct.  A 
pictorial  drawing  of  a  combustor  can  assembly  is  presented  in  Figure  9.  Each 
combustor  consists  of  three  parts  riveted  together  to  form  an  assembly.  The 
forward  outer  liner  is  an  airflow  guide  to  assure  proper  flow  distribution  to  the 
inner  liner.  The  leading  edge  of  the  outer  liner  has  3  snout  which,  extends  into 
the  diffuser  flowpath.  The  snout  incorporates  internal  vanes  which  distribute 
air  to  the  dome  in  the  desired  flow  pattern.  A  slot  in  the  snout  permits  access 
of  the  fuel  nozzle  to  the  inner  liner  dome.  The  rear  liners  are  oval  shaped  and 
oblique  at  the  rear  to  facilitate  removal  from  the  engine  during  overhaul  or 
inspection.  Cooling  air  for  the  inner  surfaces  of  the  inner  and  rear  liners  is 
admitted  through  punched  and  formed  louvers.  Combustion  and  dilution  air  is 
admitted  through  a  series  of  thimbles  in  the  inner  and  aft  liners.  These  thimbles 
are  arranged  to  provide  flow  patterns  for  flame  stabilization  in  the  primary  zone 
and  mixing  and  turbine  inlet  temperature  profile  control  at  the  aft  end.  In  an 
engine  assembly,  two  of  the  cans  are  provided  with  spark  igniters  for  starting. 
Adjacent  cans  are  joined  near  the  forward  ends  by  cross  ignition  tubes  to  allow 
propagation  of  the  flame  from  the  cans  with  a  spark  igniter  to  the  other  cans. 

The  flanges  of  adjacent  cross-ignition  tube  bosses  on  the  liners  are  held  by  V- 
band  clamps  which  can  be  removed  for  engine  disassembly  or  inspection.  The  liners 
are  each  positioned  and  held  in  place  by  mounting  bolts  at  the  forward  ends.  Axial 
stack-up  and  thermal  growth  are  acconsaodated  by  a  sliding  seal  between  the  combustor 
can  and  the  transition  duct.  The  major  liner  material  is  Hastellov  X. 
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7  transition  duct  provides  a  tin/,  of  ten  oval  inlet  port*,  tc  accept  the 
ten  <on.bus«or  cans ■  'flu-  fv.tt  of  the  transl t Jon  duct  It  ar.nulai  to  *uat<h  up.  with 
the  turbine  f  iowpatb.  7he  transition  feet  t  Jon  e/it  ire*  Jo  appro/ Irately  one-iw  I  f 
of  the  total  ezlt  ore*  of  the  ten  can  a  providing  *r  acce 1 erat 1  n>;  flow  streets  Into 
the  turbine.  The  transition  duet  Jfc  (counted  by  liv<-  radial  support  pine  In  the 
Inner  tois.bg:  t  Jon  casin/..  7he*e  pins  have  *  sliding  fJl  with  the  transi  t  Jon  du't, 
allow! ng  for  dl J 1 erer.t > *3  tber«c>J  growth,  but  they  rcaintaln  the  azlal  location 
o<  the  duct.  finding  seals  are  provided  with  bo*h  the  ccns.buatora  iod  the  turbine. 

V'ltiuy,  the  4-7oJ'*«Jvn  of  the  J 7'y  engine,  both  l»proved-J  J  J e  anc  ]w  sivohe 
tor-bust  or o  ha vt  been  de/e  J oped .  for  this  pro^rs*.,  however,  the  original  dee 5 y;n 
{without  these  1 o-w  twfcohe  and  l*uproved-l  J fe  featuresy  was  employed.  7  be  Hft* 
IlfcllJn,,  component  of  the  toabuotor  Is  the  Inner  liner,  burin/  t-ervloe  tie, 
these  liner*  developed  eracjr.fe  at  the  Jouver  en  d  s  du«  to  tla-rical  Jet  J  ;,ue ,  Ine 
dou.es  *  1  v.  eventually  wxhJblt  toiue  warping  and  distortion.  The  rear  1  ine;  has 
ttJjvniJ  leant  Jy  1  onfcer  life  than  tlie  forward  section  tut  also  eventually  d*  /elope 
therieaJ  f *>  Jp<n  cra'lcs  at  the  louver  ends ,  Periodic  Inspections  are  generally 
conducted  after  (/>U  hour*  or  4>0  sorties  with  the  Jouvered  Inner  Jlm-t. 

7 he  ter.  fuel  nozzles  a/'-  of  the  dua  1  -or 11  Jo.:,  pressure-at o».J z injv  type, 
beta!  Jo  of  the  fy<-3  nozzi *  are  shown  In  figure  lb,  7nls  dual -or J f Joe  1  weJ  nozzle 
consist*;  of  ^  single  lu*  1  inlet,  a  fuel-flow  dividing  valve  external  to  tl*e  inount- 
i  !>'/,  Han//-,  and  a  swJrl-atuuilzin/  t-  i  j.  which  delivers  f  a*-]  to  the  cuiabystor  as  a 
V  v4 «  hoi  j  ow- core  a  j.  r  a  y ,  bacn  nozzle  has  two  f  u*-l  circuits,  prJjcary  a  no  s  •  -  coud  ary. 
1h»-  primary  'Ir'ult  is  a  direct  connection  Jrw  the  fw)  Jnl»'t  to  a  snail 
atvaizin^  tJj.  dla'har/Jn^  fu«-l  at  the  center  of  the  <JJ e< harjjje  ertd  of  the  fuel 
nozzle,  7 he  prltwiiy  eJrotiJl  of  e*»h  nozzle  }<ae  three  O.bt  z  0,3b  *a-  *lote  w-.i oh 
Iced  the  ej/fo  ehao»ber  Jn  the  tJj..  7 la  fee  are  the  enajlfeat  fuel  f  1  </*  paoza^eo 
vJlhJn  th>-  nozzle,  7 V  j-rJivjry  orJJJte  e/ 3 *  dJafteter  Jo  1.40  run-,  Frotectfon  J reu 
oontan. f ».a*,e«3  f o<- 1  Jo  provided  by  a  20  u-Jeron  l'/w  j/reature  filter  fu;,atreaa  of 
*ha J fy  en^Jne  j/O/.j/ >  i>  40  ftJ'fon  hljjh  }>r ezeut'  filler  fd'/wrtfetreaa.  of  jahs>J;),  arrd  a 
100 -u.e ah  t ><  reen  3  the  valve  houz) r/, .  />t  an  eny ) t*:  fuel  fl'/w  rate  of  a^ro/iiwjt ely 
Jlf  Z./a,  the  fo«,i  ;.r efezur e  eauoea  the  JJvw  divider  valve  to  oven  and  adu.Jto 
fuel  to  the  fee/on dury  'Jr  .uJt,  7he  valve  oj-ena  at  ‘,'<2  hha  fuel  d j f J erent fal 

(i  f  nitfi  m  f  o ;  7  ku  :*  r  v  dirt  tt  f  I  J.ov  e  j  y  2,**?  X  ]  ,  «h*  glnf  v  J  fi  (  h«,  <u  f,  1  f.  ^)i«ti  L<'r  # 

In*  orJJJ'e,  which  Jo  M>ncentiJc  with  the  j/rJ?uary  orifice,  1>  4,‘yb  mi  Jr.  diarw-ter, 

7  he  fye)  fJvw  z'hedol'  J  or  a  tingle  fyej  nozzje  <%  shown  Jr.  fJr;ur'  11.  7  he  tlj' 

of  ea*l.  Jyr  J  nozzle  Jz  provided  with  an  air  el. road  vhjch  dlreott  eoollnz,  aJr 
ravisH/  Inward  ov<  r  the  fuel  nozzle  tlj^  to  redu'e  the  tendency  for  carbon 
f o/teat Jon. 

7h«  J/'y  fuel  nozzle  service  record  fa  ^e/n-rally  j/ood ,  with  rco  c-roa ion  or 
Jnte/naJ  viiiwi.J/(^  ).robl<rwe,  Kozzle  re'wrl Jbrat Jon  la  currently  j/<-r J orued  at  1200 
hours,  hozzJea  that  JaJJ  to  iteet  J  Jcyw  t> clu  dules  (/,eneraJ)y  fewer  t.han  102  of 
those  tested!  are  overhauled.  Ihe  rewatnln/  nozzles  are  continued  Jn  feervJ'jt 
a*,  additional  2100  hours,  at  Which  tJ*w  they  art  „!1  over l^au led.  1hJ$  Jt  bejle/ed 
to  b*  a  conservative  joactice,  as  the  nozzles  are  considered  to  have  practically 
unlimited  life. 


C  -  Ccasbuator  Oj.erat  in/.  Conn  ft  lone 

Ihe  c.ofcbustor  isusl  vy-rnle  over  a  wide  ran&e  of  fuel  flow.  Inlet  airflow, 

2<! 


Figure  10.  EJ*  ine 


pu»l  Or  1  lice  Fuel  N'  /.zle 


Fuel  Nozzle  Pressure  Drop,  MPa 


Figure  11.  J79  Engine  Fuel  Nozzle  Flow  Characteristics. 
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twperature,  and  pressure.  Table  8  presents  the  combustor  operating  parameters 
at  four  important  steady-state  engine  conditions  which  are  typically  encountered. 
At  these  conditions,  fuel  effects  on  combustor  performance  emissions  and  combustor 
and  turbine  life  are  of  particular  interest. 

In  addition  to  steady— state  operation,  the  ccriustic-3  system  Rust  provide 
for  starting  over  a  wide  range  of  conditions  ranging  from  cold  day  ground  start 
to  relight  at  high  altitade  and  high  aircraft  Hach  number.  Figure  12  presents 
the  required  J79  relight  envelope. 


Table  8.  J79-17A  Engine  Combustor  Operating  Conditions. 


Ground 

Idle  Takeoff 

Subsonic 

Cruise 

Supersonic 

EUiah 

tz> 

Flight  Altitude,  ka 

0 

0 

10.7 

'■ 

10.7 

0 

Flight  Mach  Number 

0 

0 

0.9 

2.0 

0 

W3(1\  Total  Airflow,  kg/s 

18.3 

75.2 

29.5 

87.5 

V  Combustor  Airflow,  kg/s 

o,  1 

t>2.7 

24.6 

73.3 

■V3.2 

Fuel  Flow,  kg/s 

0. 144 

1.259 

0.335 

1.173 

0.042{4) 

Tj,  Inlet  Total  Temperature,  R 

421 

664 

559 

761 

>239 

P^,  Inlet  Total  Pressure,  MPa 

0.248 

1.359 

0.471 

1.589 

0,101 

f^,  Fuel-Air  Ratio,  g/kg 

9.42 

20.07 

13.60 

16.01 

r-48.0 

T^,  Exit  Total  Temperature 
(Ideal),  K 

792 

1064 

1362 

1335 

— 

(2} 

,lteference  Velocity*  m/s 

24.2 

28.6 

27.2 

33.5 

>7.1 

(1)  Engine  flows  indicated  (ten  combustor  cans). 

(2)  Eased  on  and  A^  **  3684  c*^ . 

(3)  1000  rpm,  typical  starting  speed. 

(4)  Minimum  engine  fuel  flow  schedule  (normal) . 


90 


Flight  Altitude,  km 


SECTION  V 


APPARATUS  AND  PROCEDURES 


i 


All  combustor  and  fuel  nozzle  testing  in  this  program  was  conducted  In 
specialized  facilities  at  General  Electric's  Evendale,  Ohio  plant,  using  apparatus 
and  procedures  which  are  described  in  the  following  sections.  Combustor  performance/ 
emissions/durability  tests  were  conducted  in  a  high  pressure/ temperature  single¬ 
can  combustor  rig  which  is  described  in  Section  V-A.  In  parallel,  combustor 
cold-day  ground  start/alcitude  relight  tests  were  conducted  in  a  low  pressure/ 
temperature  single  can  rig  which  is  described  in  Section  V-B.  Also  in  parallel, 
high  temperature  fuel  nozzle  fouling  tests  were  conducted  in  a  small  specialized 
test  rig  described  in  Section  V-C.  Special  fuel  handling  procedures  used  in  all 
of  these  tests  are  described  in  Section  V-D.  Finally,  procedures  employed  in 
analyses  of  these  data  are  described  in  Section  V-E. 

Actual  engine-quality,  current-model  J79-17A  engine  combustion  system 
components,  listed  in  Tabic  9,  were  provided  by  the  USAF  for  use  in  these  tests. 

The  combustor  assemblies  were  newly  repaired  units  obtained  from  USAF  stores. 

Four  units  were  obLained,  which  visually  were  identical.  Before  testing,  they 
were  airflow  calibrated;  the  results  arc  listed  in  Table  10.  Assemblies  1  and 
2  were  assigned  to  the  high  pressure  tests  because  they  were  the  most  nearly 
alike  with  respect  to  flow  calibration.  Assembly  3  was  used  in  low  pressure 
testing. 


A .  Performance/Emlssion/Durability  Tests 

High  pressure/temperature  single-can-combustor  rig  tests  were  conducted  at 
simulated  J79  engine  idle,  cruise,  takeoff,  and  dash  operating  conditions  with 
each  of  the  fuels  to  determine  the  following  characteristics: 

1)  Gaseous  emissions  (CO.  HC.  and  NO^) . 

2)  Smoke  emissions. 

3)  Carbon  deposition. 

4)  Carbon  particle  emissions. 

5)  Liner  temperatures. 

6)  Flame  radiation. 

7)  Combustor  exit  temperature  profile  and  pattern  factor. 

8)  Idle  stability  (lean  blowout  and  ignition)  limits. 

Tnus,  a  large  part  of  the  total  data  was  obtained  in  these  tests  using  apparatus 
and  procedures  described  in  the  following  sections. 
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Table  9.  J79-17A  Engine  Combustor  Teat  Part*  List. 


Fart  Name 

oil  Part  Number 

National  Stock  Number 

Ignition  Combustor 

Liner  Assembly 

106C3320C73 

2840-01 -004-1 7 28-NN 

Fuel  Nozzle 

(Parker-Hannif in  1345-633327) 

577C796P 10 

2915-00-1 10-55141'L 

Main  Tgriition  Unit 
(Ilcndix  10-358765-1 

110VAC,  400  cps) 

106C5281P3 

2925-00-992-7904PL 

Main  Spark  Plug 
|  (Champion  FHE  J87-2A) 

696D256P02 

2925-00-92  5-05445PI. 

Main  Spark  Plug  Lead 
(Ml' r  31462  -  59393) 


517D377P2 


292 5-00-9 56-029 3PL 


Table  10.  Teat  Coabustor  Flow  Calibration  Results. 


Coabustor  Effective  Airflow  Area 


Combustor 

1 

2 

3 

4 

Front  Liner  Assembly 

23.7 

24.5 

23.2 

24.4 

Aft  Thiables 

58.  5 

59.0 

59.1 

58.3 

Aft  Cooling  Louvers  and  Seal 

21.0 

19.9 

23.9 

24.5 

Total 


103.2 


103.3 


106.3 


107.2 


1.  Hi£b_  Pressure  Test  Rig  Description 


Tliese  tests  were  conducted  in  the  Suit  Combustor  Test  Facility,  Cell  A3, 
located  in  Building  304  of  the  Evendale  Plant.  This  test  cell  is  equipped  with 
all  of  the  ducting,  fuel  and  air  supplies,  controls,  and  inst indentation  required 
for  conducting  saall  ccwbustox  high  pressure/toperuturc  tests.  High  pressure 
air  is  obtained  from  a  central  air  supply  syster,  and  a  gas-fired  indirect  air 
heater  is  located  adjacent  Co  the  test  cell.  For  the  single-can— combustor  rig, 
J19  engine  idle,  cruise,  and  t-akeoff  operating  conditions  can  be  exactly 
duplicated.  Dash  operating.  'Conditions  can  be  exactly  duplicated  with  respect 
to  temperature,  velocity,  and  fuel-air  ratio,  but  pressure  and  flow  rates  must 
be  reduced  about  25  percent  in  order  to  be  within  the  facility  airflow- 
capability. 

The  High  Pressure  Combustor  Test  Rig,  shown  in  Figures  13,  14  and  15, 
exactly  duplicates  a  one-tenth  sector  of  the  engine  flow-path  from  the  compressor 
outlet  guide  vane  (OCV)  to  the  first-stage  turbine  nozzle  diaphragm  (TND) -  As 
shown  in  Figure  13,  the  test  rig  inlet  flange  which  belts  up  to  a  plenum  chamber 
in  the  test  cell,  incorporates  a  Bellnouth  transition  tc  the  simulated  CXJY  plane. 
The  combustor  bousing  is  a  ribbed,  thick-walled  vessel  which  forms  the  inner 
flowpath  contour  and  side  wails,  covered  by  a  thick  lid  that  forms  the  cuter 
flowpath  contour.  Figure  14  shows  a  combustor  installed  in  the  pressure  vessel 
with  the  lid  removed.  The  combustor  exit  engages  an  actual  segment  of  an  engine 
tr2nsit?.on  » a fniy  dc^st.ri!«  c f  ^rjiisiwicn  civicc  i c-  an  snunlir 

sector  section  which  contains  an  array  of  water  cooled  instrumentation  rakes  ir. 
the  TXD  plane,  indicated  by  ar.  arrow-  ic  Figure  15.  Additional  details  of  the  exit 
instrumentation  rakes  are  shown  in  Figures  16  and  1/.  Downs tre an  of  the  rakes, 
the  combustion  gases  are  water-quenched  and  the  sector  flcwpath  transitions  tc 
circular,  which  is  bolted  up  to  a  remote— operated  backpressure  valve  ir.  che  test 
cell  ducting.  Two  other  features  of  the  test  rig  can  be  seen  in  Figure  15:  a 
flame  radiation  pyrometer,  mounted  to  view  the  combustor  primary  zone  through  a 
crossfire  duct  window;  and  bleed  air  pipes  to  withdraw,  collect,  and  meter 
simulated  turbine  cooling  airflow. 

2 .  High  Pressure  Test  Ins:  runenu:  ton 

A  summary  of  the  important  ccmoustor  operating,  performance ,  and  emission 
parameters  which  were  measured  or  calculated  in  these  tests  is  shown  in  Table  II. 
Airflow  rates  were  measured  with  standard  ASMZ  orifices.  Fuel  flow  rates  were 
measured  with  calibrated  turbine  flowmeters  corrected  for  the  density  and 
viscosity  of  each  test  fuel  at  tbe  measured  supply  temperature.  Combustor  inlet 
temperature  and  pressure  were  measured  with  plenum  chamber  probes. 

Combustor  outlet  temperature,  pressure,  and  gas  samples  were  measured  with 
a  fixed  array  of  seven  water-cooled  rakes,  arranged  and  hooted  up  as  shown 
iu  Figure  18.  Each  rake  contained  five  capped  chrome 1-altmiel  thermocouple 
probes,  located  on  radial  centers  of  area,  and  four  impact  pressure. 'gas  sample 
probes,  located  midway  between  thermocouple  elements.  As  shown  in  Figure  If, 
eight  of  the  impact  probe  elements  were  hooked  up  for  total-pressure  measurement, 
and  the  other  20  dements  were  manifolded  to  three  heated  gas  sample  transfer 
lines  leading  out  of  the  test  cell  to  the  gas  composition  measurement  instruments  - 
Transfer  Lines  I  and  11  were  connected  through  selector  valves  to  a  smoke 
measurement  console  (Figure  19)  and  a  gas  analysis  console  (Figure  20).  Transfer 


35 


T'(rt»ln/'  f'fttitnif.  )./i  i'/n 


Table  11.  Summary  of  Measured  and  Calculated  Combustor  Parameters  in  Hifch  Pressure 
Combustor  Tests. 


ki  Thermocouple  5  Element ‘/Rake,  35  Total 


O  Total  Pressure,  8  Elements  Read  Individually 
Q  Smoke/Gas  Sample,  6  Elements  Manifold  to  Line  I 
<0>  Smoke/Gas  Sample,  6  Elements  Manifold  to  Line  11 
Rake -Element  £->  Carbon  Emission,  8  Elements  Manllold  to  Line  III 


Sample  Each  at 
Points  2-10 


Collect  One 
Cumulat ive  3.2  scf  ga 
Sample  (0.H  scf  gas 
at  Points  3,  b,  7 
and  9) . 


Figure  18.  High  Pressure  Test  Rig  Exit  instrumentation. 


Figure  19.  fenor.il  Fleet  r  if  Snnko  Measurement  Console . 


Lino  Ill  was  connected  to  a  carbon  collection  crucible  located  near  the  test 
rig,  and  then  continues  on  to  flow  contro.l/metering  apparatus  in  the  gas 
measurement  area. 

The  General  Electric  smoke  measurement  console  (Figure  19)  contains 
standard  test  equipment  which  fully  conforms  to  SAE  ARP  1179  (Reference  4). 

Smoke  spot  samples  are  collected  on  standard  filter  paper  at  the  prescribed  gas 
flow  rate  and  at  four  soiling  rates  spanning  the  specified  quoted  soiling  rate. 
The  spot  samples  are  later  delivered  to  the  data  processing  area,  where  the 
reflectances  are  measured  and  the  SAE  Smoke  Number  is  calculated. 

The  gaseous  emission  measurement  console,  shown  in  Figure  20,  is  one  of 
several  that  were  assembled  to  General  Electric  specifications  for  CAROL  systems 
(Contaminants  Analyzed  and  Recorded  On-Line)  and  that  conform,  generally,  to 
SAE  ARP  1256  (Reference  5).  This  system  consists  of  four  basic  instruments:  a 
flame  ionization  detector  (Beckman  Model  402)  to  measure  total  hydrocarbon  (HC) 
concentrations,  two  nondispersive  infrared  analyzers  (Beckman  Models  865  and  864) 
for  measuring  carbon  monoxide  (CO)  and  carbon  dioxide  (CO2)  concentrations,  and  a 
heating  chemiluminescent  analyzer  (Beckman  Model  951)  for  measuring  oxides  or 
nitrogen  (NO  or  NO*  =  NO  +  NO2)  concentrations.  Each  of  the  instruments  are 
fully  calibrated  with  certified  gases  before  and  after  each  test  run;  and 
periodically  during  testing,  zero  and  span  checks  are  made.  Readings  from  the 
instruments  are  continuously  recorded  on  strip  charts  and  hand-logged  on  test 
and  calibration  points  for  later  calculation  of  concentration,  fuel-air  ratio, 
and  emission  indices,  using  a  computer  program  which  incorporates  the  equations 
contained  in  ARP  1256,  Gas  sample  validity  was  checked  by  comparison  of 
sample  to  metered  fuel-air  ratios. 

Carbon  deposition  tendencies  were  assessed  by  installing  a  clean  combustor 
for  each  test,  and  inspecting  it  after  the  test,  assigning  it  a  visual  rating. 

A  cumulative  carbon  collection  technique  was  also  employed  (Line  III  in  Figure 
18)  In  an  attempt  to  quantify  the  amount  cf  large  carbon  particles  emitted 
directly  and/or  that  were  shed  periodically  from  the  depositions.  A  fixed  volume 
of  combustor  exhaust  gas  at  idle  cruise,  takeoff,  and  dash  was  filtered  through 
s  por o us  c rue  ibis.  At  ths  c oru p  1  s t i. on  o f  the  test^  the  c «r* ic  i b  1c  w s  x* cinOvcd  f  o *" 
laboratory  analysis  to  determine  the  total  quantity  of  carbon  collected. 

Combustor  liner  temperature  was  measured  by  an  array  of  24  thermocouples 
located  on  the  inner  liner  as  shown  in  Figure  21.  This  instrumentation  pattern 
vas  selected  to  provide  detailed  data  in  the  vicinity  of  the  known  hottest 
regions  of  the  combustor.  There  are  no  thermocouples  downstream  of  the  cross¬ 
fire  ducts  or  on  the  aft  liner,  since  those  regions  are  usually  at  least  150  K 
cooler  than  the  forward  section  of  the  inner  liner  (Reference  6) .  Figures  22 
through  25  show  the  actual  liner  thermocouple  installations  on  the  inner  liner. 

Flame  radiation  in  the  primary  burning  rone  of  the  combustor  was  measured 
by  a  total -rad  1st  ion  pyrometer  (Browr.  Radiamatic,  Type  R-12),  which  can  be  seen 
in  Figure  IS.  A  diagram  of  the  optical  view  path  is  shown  in  Figure  26.  The 
pyrometer  sensing  element  ts  a  thermopile  which  provides  a  direct  current 
voltage  output.  The  flame  radiation  is  focused  on  the  thermopile  with  a 
calcium  fluoride  lens  which  is  transparent  to  radiation  of  wavelengths  less 
than  three  microns.  The  pressure  seal  at  the  test  rig  wall  is  formed  by  a 
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sapphire  window  which  is  transparent  to  radiation  of  even  longer  wavelengths. 

The  sapphire  window  was  swept  clean  by  a  snail  flow  of  filtered  air.  The 
pyrometer  was  calibrated  by  viewing  a  resistance-heated-carbon  baekbody  furnace 
through  the  sane  optical  systen  used  in  the  combustor  test.  The  furnace 
temperature  was  measured  with  a  disappear ing-fi lament  optical  pyrometer . 

3 •  High  Pressure  Test  Procedures 

A  total  of  14  high  pressure  rig  tests  were  run:  one  for  each  test  fue, 
plus  a  repeat  test  with  fuel  No.  I  to  establish  test  variability.  Two  different 
fuel  noexles  and  combustors  wore  alternated  in  the  tests,  so  that  while  one  set 
was  undergoing  test,  the  other  set  was  being  cleaned,  calibrated,  and  ve¬ 
ins  trunented  as  needed. 


Each  test  was  conduct on  to  tho  ten-point  test  schedule  shown  in  Table  12. 

On  Foint  No.  1,  minimum  lighted' f  and  lean  blowout  limits  at  idle  inlet  conditions 
were  determined.  On  Point's  No.  2  through  10,  steady-state  operating,  performance, 
and  emissions  measurements  were  obtained  at  simulated  engine  idle,  cruise, 
takeoff,  and  dash  operating  conditions.  At  each  of  these  simulated  engine 
operating  conditions,  data  wore  recorded  at  two  nominal  fuel-air  ratios:  30 
and  100  percent  of  the  engine  cycle  value  corrected  for  the  test  fuel  heating 
value.  However,  if  the  80  percent  fuel-air  ratio  point  indicated  that  the  100 
pei cent  fuel-air  ratio  point  would  locally  exceed  the  gas  temperature  limits 
of  the  exit  thermocouple  takes ,  a  lo^er  fuel-air  ratio  point  was  substituted. 

This  limit  was  usually  exceeded  at  simulated  takeoff  conditions,  so  a  bp  percent 
fuel-air  ratio  point  was  usually  substituted  for  the  100  percent  point. 


Test  Points  2  through  10  were  changed  every  thirty  minutes  (nominally)  in 
each  test  in  order  to  subject  the  combustor  to  approximately  the  same  4.S  hour 
carbon  deposition  cycle  with  each  fuel.  At  the  completion  of  each  test,  the 
combustor  was  removed  for  visual  inspection  and  photographic  document  at  ion  ot 
the  carbon  accumulation.  Pro-  and  post-test  airflow  calibrations  of  the  com¬ 
bustors  were  also  periodically  conducted  to  determine  it  the  carbon  accumula- 
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but  no  dlscernable  changes  were  ever  found. 


H ,  Co  Id -Pay  Cround  Start/Alt ttude  Relight  Tests 

low -pressure/ temperature  single  can  combustor  rig  tests  were  conducted  at 
simulated  J79  engine  ground  cranking  and  altitude  windmilling  operating 
conditions  to  determine  the  cold-day  ground  start  and  altitude  relight 
characteristics  of  each  ot  the  test  fuels.  The  apparatus  and  procedures  which 
were  utilised  are  described  in  the  following  sections. 


I .  l  ow  Pressure  Test  Kig  ih  script  ton 

Those  tests  were  conducted  in  the  building  301  Combust  ion  Laboratory  at 
the  Kvcndale  Plant.  This  facility  has  capabilities  for  testing  small  combustor 
rigs  over  a  wide  range  ot  simulated  ground  sfatt  and  altitude  relight  conditions. 
Liquid  nitrogen  heat  exchangers  axe  used  to  obtain  low  tuel  and  ait  temperatures, 
and  steam  ejectors  in  the  exhaust  duet iug  are  vised  to  obtain  low  combust ot  inlet 
pressures . 


The  low-pressure,  single-can  J 79  combustor  rig  used  in  these  tests  is 
shown  in  Figure  27.  The  combustor  housing  is  made  from  actual  engine  parts 
and  the  rig  exactly  duplicates  a  one-tenth  segment  of  the  engine  combustion 
system  flow  path.  Combustor  inlet  temperatures  and  pressure  are  measured  with 
probes  in  the  plenum  chamber.  The  combustor  assembly  is  Installed  from  the  rear 
of  the  combustor  housing  which  bolts  up  to  a  segment  of  an  engine  combustor 
transition  duct.  An  array  of  thermocouples  i6  located  in  the  transition  duct 
to  sense  ignition  and  blowout.  This  rig  has  no  prevf  tons  for  turbine  cooling 
air  extraction. 

Air  obtained  from  the  central  supply  system  was  dried  at  the  facility  to 
a  dew  point  of  about  240  K  and  metered  with  a  standard  ASM£  orifice.  Fuel  flow 
rates  were  measured  with  calibrated  turbine  meters  corrected  for  the  density 
and  viscosity  of  each  test  fuel  at  the  measured  supply  temperature.  All  tem¬ 
perature,  pressure,  and  flow  data  were  read  on  direct  indicating  instruments 
(manometers,  potentiometers,  etc.)  and  hand  logged  by  the  test  operator. 

2 .  Cold-Day  Ground  Start  Procedure 

The  first  part  of  the  test  with  each  fuel  was  structured  to  evaluate 
cold-day  ground  starting  characteristics.  The  test  point  schedule  is  shown 
in  Table  13.  The  airflow  rate  (0.318  kg/s)  and  combustor  inlet  pressure 
(ambient)  were  set  to  simulate  typical  engine  ground  starting  conditions 
(1000  rpm) .  Fuel  and  air  temperature  were  lowered  from  ambient  to  239  K 
minimum  (JF-3  freeze  point)  in  steps  to  simulate  progressively  colder  days. 

At  each  temperature  step,  minimum  ignition  and  lean  blowout  fuel  flow  rates 
ware  determined.  Maximum  fuel  flow  rate  was  taken  as  7.56  g/s/can,  which  is 
well  above  the  current  engine  minimum  fuel  flow  rate  (4.22  g/s/can).  The 
test  sequence  was  as  follows: 

1)  With  inlet  conditions  set,  energize  the  igniter  and  slowly  open 
the  fuel  control  valve  until  lightoff  is  obtained.  Recoid  light- 
off  fuel  flow  rate-  Deenergize  igniter. 

2)  Slowly  decrease  fuel  flow  rate  to  blowout.  Record  lean  blowout 
fuel  flow  rate, 

3)  Decrease  fuel  and  air  inlet  temperatures  in  5  to  8  K  increments 
and  repeat  Steps  1  and  2. 

When  the  minimum  temperature  limit  was  established,  the  second  portion  of  the 
test  was  begun:  altitude  relight. 

3 .  Altitude  Relight  Tc-st  Procedure 

The  second  portion  of  the  test  with  each  fuel  was  structured  to  evaluat  t 
altitude  relight  and  stability  characteristics.  The  test  schedule  is  also 
shown  in  Table  13.  Investigations  were  carried  out  at  four  airflow  rates 
(0.23,  0.4l,  0.50,  and  0.91  kg/s)  selected  to  span  the  -J 79  engine  altitude 
relight  requirement  map  (Figure  12).  Air  temperature  was  selected  from  the 
vindm'lling  data  and  ranged  from  244  K  to  ambient.  Fuel  temperature  was 
matched  to  the  air  temperature.  The  test  sequence  was  structured  to  determine: 


Table  13.  Low  Pressure  Test  Point  Schedule 


Pressure  Blowout  (Decreasing  P 


1)  The  maximum  relight  and  blowout  pressure  altitudes  with  current 
•engine  minimum  fuel  flow  rates  (4.22  g/s/can). 

2)  The  minimum  relight  and  lean  blcvout  fuel  flow  rates  at  the  relight 
altitudes  determined  in  (1). 

The  test  sequence  was  as  follows : 

1)  With  15.2  km  (50,000  ft)  altitude  conditions  set,  energize  the 
igniter,  set  fuel  flow  rate  at  4.22  g/s,  then  increase  combustor 
inlet  pressure  (reduce  altitudeand  flight  Mach  number)  until  ignition 
occurs.  Deenergize  the  igniter  and  record  maximum  relight  altitude 
conditions. 

2)  With  fuel  flow  rate  at  4.22  g/s,  slowly  reduce  combustor  inlet  pres¬ 
sure  until  blowout  occurs.  Record  raax'muiu  pressure  altitude  blowout 
conditions . 

3)  Energize  igniter  and  increase  fuel  flew  until  lighroff. 

Deenergize  igniter  and  record  minimum  1. ightoff  fuel  flow  rate  at 
maximum  relight  altitude. 

4)  Slowly  reduce  fuel  flow  rate  until  blowout.  Record  lean  blowout 
fuel  flow  rate  at  maximum  relight  altitude  conditions. 

5)  Repeat  Steps  1  t trough  4  at  each  airflow  setting. 

The  .179-17A  combustion  system  has  excellent  relight  characteristics,  so  the 
facility  minimum  pressure  capability  (about  40  kPa,  corresponding  to  an  al¬ 
titude  of  over  18  km)  was  often  encountered  before  a  pressure  blowout  limit 
was  reached. 

C .  Fuel  Nozzle  Fouling  Tests 

Tests  with  each  of  the  fuels  were  conducted  to  determine  the  relative 
tendency  to  cause  fuel  nozzle  fouling,  which  might  be  in  the  form  of  valve 
sticking,  metering  slot  plugging,  or  carbon  buildt  »  in  spin  chambers  and  orifices. 
The  J79  fuel  nozzle  was  known  to  have  a  long,  troul  le-free  service  life  and 
to  be  quite  tolerant  of  fuel  property  variation.  It  was  anticipated;  therefore, 
that  the  test  conditions  would  need  to  be  extra  severe  to  produce  any  signifi¬ 
cant  fouling  in  a  short  test. 

The  tests  were  conducted  in  the  Building  304-1/2  Combustion  laboratory 
using  the  simple  test  rig  shown  in  Figure  28.  In  this  setup,  hot  fuel  is 
flowed  through  the  fuel  nozzle  which  is  immersed  in  a  high  velocity  hot  gas 
stream.  Initially  selected  test  conditions  were: 
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Gas  Temperature  811  K 

Gas  Velocity  at  Fuel  Nozzle  Stem  304  m/s 

Gas  Pressure  Drop  Across  Fuel  Nozzle  Air  Shroud  13.8  kPa 


Fuel  Flow  Rate 
Fuel  Temperature 
Run  Time 


5.04  g/s 
436  K 

300  minutes  (total) 


Both  the  gas  temperature  (and  velocity)  and  the  fuel  temperature  were  signifi¬ 
cantly  higher  than  are  normally  encountered  in  .179  engine  use,  and  this  eleva¬ 
tion  was  expected  to  accelerate  the  fouling  tendency.  Moreover,  the  fuel  flow 
rate  was  much  lower  than  ever  encountered  at  high  temperature  engine  conditions 
and  this  depression  was  expected  to  further  aggravate  the  fouling  tendency.  At 
this  low  flow  rate  only  the  primary  nozzle  was  flowing. 


The  fuel  nozzles  were  cleaned  before  each  test,  then  run  for  300  minutes, 
with  a  shutdown  at  100  minutes  for  an  intermediate  flow  calibration.  Fuel 
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detected.  Also,  some  changes  in  nozzle  flow  divider  valve  configuration  were 
made  in  later  tests;  these  changes  are  described  in  Section  Vl-A-9. 


D .  Test.  Fuel  Handling  Procedures 

Special  procedures  were  followed  in  all  of  the  tests  to  ensure  that  the 
test  fuels  were  not  contaminated  or  mistakenly  identified.  Hand  valves  were 
installed  in  the  fuel  lines  near  each  of  the  test  rigs  for  obtaining  fuel 
samples  while  a  test  was  in  progress. 

The  fuels  were  delivered  ir.  tank  trailers,  as  needed,  and  transferred 
into  three  isolated,  underground  storage  tanks  of  40  -rn^  capacity  each. 

These  tanks  had  previously  contained  only  clean,  light  distillates.  Never¬ 
theless,  to  assure  their  suitability  for  this  program,  they  were  iirst  emp¬ 
tied  as  far  as  possible,  using  the  permanently  installed  unloading  pumps. 

The  manhole  covers  were  then  removed,  and  the  few  inches  of  remaining  liquid 
were  pumped  out  using  a  portable  pump.  The  tanks  were  then  inspected  and 
found  to  be  in  good  condition  with  only  a  light,  adherent  coating  of  rust  on 
all  interior  surfaces.  These  surfaces  were  washed  down  with  a  small  quantity 
of  the  next  test,  fuel,  and  this  was  then  removed  with  the  portable  pump. 

After  replacing  each  manhole  cover,  the  test  fuel  was  transferred  into  the 
tank,  and  a  sign  identifying  the  test  fuel  was  placed  on  the  switch  control¬ 
ling  the  tank  unloading  pump.  This  procedure  was  repeated  for  each  of  the 
first  12  test  fuels.  The  thirteenth  test  fuel,  the  diesel,  was  handled  in  a 
similar  manner  except  that  it  was  stored  in  a  tank  trailer  parked  near  the 
underground  storage  tanks. 
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As  fuel  was  needed  tor  the  high  pressure  tests,  it  was  transferred  from 
the  appropriate  tank,  using  a  A  m^  stainless  steel  tank  trailer.  This  tank 
also  was  drained  and  flushed  with  the  next  test  fuel  before  being  loaded. 
After  filling,  it  was  marked  with  the  proper  fuel  number,  hauled  to  the  test 
site,  and  parked  adjacent  to  the  test  cell.  The  tank  drain  valve  was  con¬ 
nected  directly  to  the  cell  system  by  a  flexible  hose,  after  flushing  the 
hose  with  a  suitable  volume  of  test  fuel.  In  the  test  cell  immediately 
before  the  line  entered  the  test  rig,  a  valved  line  was  teed  off  for  drawing 
samples.  This  location  was  selected  because  it  insured  that  the  fuel 
actually  used  in  the  test  was  being  sampled. 

For  the  tests  planned,  it  was  not  intended  to  change  fuels  during  a 
test,  so  the  fuel  sampling  procedure  consisted  of  drawing  a  sample  just 
before  the  first  data  point  was  taken  and  again  after  the  last  data  point 
was  taken.  In  each  case,  the  sample  container  was  rinsed  twice  with  a 
small  portion  of  the  fuel  being  sampled,  before  actually  taking  the  sample. 

Similar  sampling  procedures  were  followed  in  both  the  altitude  relight 
and  the  fuel  nozzle  fouling  tests.  For  both  of  these  tests,  fuel  was  trans¬ 
ferred  from  the  trailer  to  clean  drums  which  were  clearly  marked  and  moved 
to  the  test  sites.  These  drums  were  in  good  condition  and  had  previously 
contained  only  clean  materials,  such  as  calibrating  fluid.  Before  filling, 
they  were  drained,  inspected,  and  rinsed  with  the  next  test  fuel. 

Pretest  samples  taken  at  the  test  sites  were  returned  to  Wright- 
Patterson  Air  Force  Base  for  verification  of  significant  characteristics, 
to  determine  whether  fuel  quality  had  been  compromised  during  storage  or 
handling  at  the  several  test  sites.  Analyses  included  density,  viscosity, 
surface  tension,  and  vapor  pressure.  These  analyses  were  performed  by 
Monsanto  Research  Corporation. 

A  compilation  of  these  data  is  shown  on  Table  1A.  From  a  comparison 
of  the  properties  of  the  original  samples  with  those  of  samples  returned 
from  the  several  test  sites,  it  is  apparent  that  no  significant  change  in 
fuel  properties  occurred.  Therefore,  it  was  concluded  that  fuel  handling 
procedures  were  satisfactory,  and  analysis  of  samples  of  the  remaining 
test  fuels  was  considered  unwarranted. 


60 


Table  14.  Fuel  Verification  Analyses. 


Perf . /Emission  Test  1  3  I  793.5  j  1.708 


E.  Data  Analysis  Procedures 


Generally  standard  data  reduction  and  presentation  techniques  were 
employed  Key  parameters  and  calculation  procedures  are  indicated  in 
Table  11  and  Appendix  A.  Some  additional  special  procedures  are  described 
in  the  following  sections, 

1.  Fuel  Property  Correlation  Procedures 

Analyses  of  the  experimental  test  results  were  conducted  to:  (1)  cor¬ 
relate  the  performance  and  emission  parameters  with  combustor  operating 
conditions;  (2)  as  appropriate,  correct  the  measured  rig  data  to  true  stand¬ 
ard  day  engine  operating  conditions;  and,  (3)  correlate  the  corrected  data 
with  the  appropriate  fuel  properties  from  Section  III.  To  illustrate  the 
procedure,  the  CO  emission  data  is  outlined  below. 


Inspection  of  the  CO  emission  data  for  the  first  two  high  pressure 
tests  (JP-4  fuel,  Table  A-l)  showed  that  as  in  Reference  7  the  data  were 

lii  tine  fuilli. 


where  the  combustor  operating  parameters  (Vr,  P3,  and  T3)  have  been  normal¬ 
ized  to  engine  operating  conditions  at  idle.  Multiple  regression  techniques 
were  employed  to  determine  the  constants  k@ ,  kj,  and  k2.  A  very  good  corre¬ 
lation  was  found,  as  shown  in  Figure  32.  Additional  analyses  showed  that 
in  general  kg  was  slightly  fuel  dependent,  but  lti  and  k2  essentially  not. 

The  CO  emission  operating  or  severity  parameter  was  then  taken  to  be: 


which  is  tabulated  in  Table  A-2 ,  and  was  used  as  shown  in  Table  A-3  to 
correct  measured  test  data  to  true  engine  operating  conditions  by  the 
relationship: 


S 


El 


CO  engine 


El 


CO  test 


CO  engine 
SC0  test 


(6) 


(7) 
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The  correction  was  usually  very  small  except  at  dash  operating  conditions 
(75  percent  density  in  rig  tests)  as  shown  in  Table  A-3.  Corrections  were 
then  tabulated  (Table  15,  for  example)  and  plotted  against  appropriate 
fuel  properties  (Figures  33  and  34,  for  example).  Equations  for  the  effect 
of  fuel  hydrogen  content  on  CO  emissions  shown  in  Figure  33  are  the  result 
of  regression  analyses,  and  show,  for  example,  that 


F.I  =  14 

CO,  cruise 


“  (ife) 


-1.38 


g/kg 


with  a  correlation  coefficient  (r)  of  (-0.753). 


2.  Combustor  Life  Prediction  Procedures 

Field  experience  shows  that  the  J79  combustor  is  life-limited  by  low 
cycle  fatigue  crack  propagation  from  the  ends  of  the  punched  louvers  on  the 
inner  liner.  From  the  measured  metal  temperature  rises,  the  stresses  that 
are  calculated,  including  stress  concentration  factors  at  these  cracks,  are 
well  above  the  yield  strength  of  the  material,  resulting  in  plastic  yield¬ 
ing  on  each  cycle.  Since  the  metal  temperatures  are  in  the  range  where 
creep  can  occur  below  the  yield  stress,  additional  plastic  deformation 
occurs  beyond  that  which  corresponds  to  relaxation  to  the  yield  stress. 

This  total  plastic  deformation  correlates  reasonably  well  with  low  cycle 
fatigue  life  in  many  applications. 


'ihe  j'79  combustor,  developed  before  1960,  has  a  relatively  short  life 
and  is  less  amenable  to  detailed  analysis  than  are  more  recent  combustor 
designs.  The  punched  louvers  of  the  J79  combustor  liner  have  cracks  already 
initiated  at  the  ends  of  the  punch  when  the  part  is  new.  This  crack  results 
in  a  severe  stress  concentration  region  at  which  crack  propagation  proceeds. 
Also,  the  thermal  gradients  in  the  vicinity  of  the  ends  of  the  louver  punch 
are  very  high  because  of  the  presence  oi  the  fresh  introduction  at  film  air 
at  this  point  creating  a  sudden  transition  from  hot  metal  to  highly  cooled 
metal.  Total  life  is  influenced  by  changing  stress  levels  as  the  cracks 
propagate  and  changing  metal  temperatures  duo  to  metal  distortion. 
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Table  15.  Sumary  of  CO  Emission  Test  Results. 


Fuel 

Number 

CO 

Emission  Index,  g/kg 

Idle 

Cruise 

Takeoff 

Dash 

1 

68,2 

16.5 

5.7 

2.4 

1R 

63.8 

14.2 

4.8 

2.6 

2 

73.2 

17.3 

5.8 

2.9 

3 

71.2 

15.8 

4.2 

2.2 

4 

72.4 

18.9 

4.8 

2.5 

5 

73.4 

16.1 

4.7 

2.6 

e 

U 

C 

#4«U 

o  1  c 

^  J 

Q  0 

V«  a 

3-2 

7 

75.5 

18.5 

3.6 

1.5 

8 

75.9 

20.5 

3.4 

1.7 

9 

69.7 

18.0 

3.7 

1.9 

10 

66.2 

17.7 

4.5 

3.7 

11 

63.4 

15.1 

3.1 

1.6 

12 

57.0 

13.7 

4.3 

2 . 7 

13 

68.0 

17.0 

3.0 

1.5 
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Cyclic  left  of  simple  louver  specimens  in  the  presence  >1  thermal 
gradients  have  been  conducted  to  provide  basic  data  for  estimating  the 
life  of  punched  louver  combustors.  In  these  tests,  the  crack  propagated 
in  approximately  direct  proportion  to  the  number  of  thermal  exposure 
cycles.  Based  on  these  louver  specimen  findings  and  low  cycle  fatigue 
material  properties,  the  design  curve  shown  in  Figure  2*1  is  in  use  at 
General  Klectrlc  for  the  J79  combustor  liner,  for  either  fatigue  life  to 
initial  cracking  or  for  crack  propagation  rate.  From  this  curve  it  can 
bo  estimated  that  a  4S  K.  change  in  liner  tempetvtuve  results  in  about  a 
factor  of  two  change  in  life. 

Dctinitivc  experience  from  J7*)  engines  tor  combustor  lUe  effects  with 
different  fuels  or  with  different  metal  temperatures  does  not  exist.  Oif- 
ferenoe  in  1  fe  of  about  2r>  percent  has  been  observed  between  Savv  (.IP-5) 
and  Air  Force  (JP-4)  operational  experience.  It  is  believed  that  differ¬ 
ences  in  operational  usage  are  as  large  an  influence  on  life  as  is  the  fuel 
difference  and  may,  therefore,  mask  any  attempt  to  attribute  this  observed 
life  difference  to  the  tuel  type  alone.  However,  a  2’>  percent  life  reduc¬ 
tion  is  predicted  by  the  trends  shown  in  Figure  2l)  for  a  metal  temperature 
change  of  20  K,  and  based  on  the  data  in  Reference  f,  this  is  approximately 
the  metal  temperature  change  expected  for  a  change  in  hvdrogen  eonient  ot 
14.3  to  1.1,8  percent. 


The  aft  combustor  liner  lias  much  longer  life  than  does  the  inner  liner 
and  it  is  not  affected  by  fuel  type.  It  was  noted  in  Reference  t>  that  the 
metal  temperatures  in  the  aft  portion  of  the  outer  or  rear  liner  were  not 
affected  by  the  luminosity  changes  of  fuels  that  did  affect  the  upstream 
inner  liner.  These  data  were  not  actually  presented  in  Reference  h,  so  they 
are  presented  here  in  Figure  30.  Temperature  measurements  were  not  taken  in 
this  aft  liner  region  in  this  present  program  because  of  this  experience, 
and  no  ditterenee  in  at t  liner  lite  with  fuel  changes  is  pteuicied. 


3.  Turbine  kite  Prediction  Procedures 


If  alternate  fuels  created  substantial  changes  in  temperature  pattern 
factor  or  temperature  profile  in  the  combustor  exit  gases,  changes  in  tur¬ 
bine  component  life  would  be  predicted.  However,  as  discussed  in  Section 
Vl-A-6  no  changes  were  found  in  these  parameters.  As  indicated  above  in 
Figure  30,  the  aft  liner  temperatures  which  are  well  away  from  the  high 
flame  luminosity  were  unaffected  by  the  same  fuel  changes  that  affected 
significantly  the  forward  liner;  therefore,  the  stator  vanes  in  the  turbine 


p3cV.  ?rot>a station  P-ate 


o 


diaphragm  which  are  even  further  away  from  these  flame  luminosity  affects 
are  also  expected  to  be  negligibly  affected.  Figure  31  illustrates  the 
v.  ry  small  view  the  stator  leading  edge  has  of  the  luminous  flame  region. 
This  small  view  factor  results  in  negligible  effects  in  the  J79  engine. 
However,  in  other  engines  with  annular  combustors  and  shorter  combustors, 
large  view  factors  exist  and  ixame  luminosity  may  in  some  cases  become 
significant  to  the  vane  leading  edge  temperature.  1 


SECTION  VI 


RESULTS  AND  DISCUSSION 


All  planned  test  series  (44  total)  were  completed  and  no  major  problems 
were  encountered.  In  general,  results  were  well  ordered  and  consistent  with 
published  data  insofar  as  comparisons  could  be  made.  Detailed  test  results, 
which  are  listed  in  Appendices  A  through  E,  are  summarized  and  discussed  in  the 
following  section.  Engine  system  life  prediction  analyses  based  on  these  results 
are  then  presented  in  Section  VI-B.  Further,  an  overall  assessment  of  these 
tests  and  analyses  is  presented  in  Section  VI-C. 


A.  Experimental  Test  Results 

Fourteen  high-pressure  rig  tests  were  conducted  to  obtain  the  performance/ 
emissions/durability  data.  These  data  are  listed  in  Appendices  A  and  B  and 
summarized  in  Sections  VI-A-1  through  Vl-A-7.  Fourteen  low  pressure  rig  tests 
were  conducted  in  parallel  to  obtain  the  ground  start  and  altitude  relight  data. 
These  data  are  listed  in  Appendix  C  and  summarized  in  Sections  VI-A-7  and  8. 

Also  in  parallel ,  18  fuel  nozzle  fouling  tests  were  conducted  to  obtain  the  data 
listed  in  Appendix  D  and  summarized  in  Section  VI-A-9. 

1 .  CO  and  HC  Emissions 

Carbon  monoxide  (CO)  and  unburned  hydrocarbons  (HC)  are  both  products  of 
incomplete  combustion,  and  are,  therefore,  generally  highest  at  low  power 
operating  conditions  (idle  and  cruise) .  Figure  32  snows  the  strong  effect  of 
combustor  operating  conditions  on  CO  emission  levels  with  JP-4  fuel.  At  idle 
operating  conditions,  the  CO  emission  index  is  about  64  g/kg  which  corresponds  to 
a  combustion  i-nef f iciency  of  about  1.5  percent  and  is  in  good  agreement  with 
engine  measurements.  At  cruise,  takeoff,  and  dash  operating  conditions,  the  CO 
emission  levels  are  approximately  29,  7,  and  3  percent,  respectively,  of  the  idle. 

CO  emission  level,  which  indicates  the  strong  effect  of  combustor  inlet 
temperature  and  pressure  on  combustion  reaction  rates,  and  hence,  on  combustion 
efficiency  and  CG  emission  levels.  These  pressure  and  temperature  effects, 
determined  by  multiple  regression  curve-fit  techniques  of  these  data,  are  in  good 
agreement  with  previous  results  (Reference  7).  Within  these  test  limits,  no 
effect  of  fuel-ait  ratio  is  evident.  Moreover,  very  good  repeatability  between 
the  two  combustor  assemblies  and  test  runs  is  indicated. 

Carbon  monoxide  emission  results  very  similar  to  those  shown  in  Figure  32  were 
vobtained  with  each  of  the  other  fuels,  and  all  of  the  results  are  listed  in 
Table  15.  The  effect  of  fuel  hydrogen  content  on  CO  emission  levels  at 
each  of  the  power  levels  is  shown  in  figure  33.  At  takeoff  and  dash  operating 
conditions  CO  levels  are  very  low  and  virtually  independent  of  fuel  hydrogen 
content,  and  any  other  fuel  property.  At  cruise  operating  conditions  a 
significant  fuel  hydrogen  effect  (negative  1.38  exponent)  is  indicated,  but  no 
effect  of  other  fuel  properties  (aromatic  type  or  base  fuel)  is  evident.  At 
idle  operating  conditions,  a  relatively  weaker  fuel  hydrogen  effect  (negative 
0.47  exponent)  is  indicated,  but  the  correlation  is  poor  and  other  fuel  property 
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CO  Emission  Index,  g/kg 


Figure  33.  Effect  of  Fuel  Hydrogen  Content  on  CO  Emission  Levels. 


effects  are  evident.  In  particular,  the  lowest  idle  CO  levels  are  obtained  with 
the  JP-4/raonocyclic  aromatic  blends,  suggesting  a  volatility  or  atomization  effect. 
Figure  34  shows  these  same  idle  CO  data  plotted  (without  regajd  to  hydrogen 
content)  against  relative  spray  droplet  size  (from  Table  7)  or  fuel  10  percent 
recovery  temperature  (from  Table  .3),  the  latter  being  one  of  the  more  commonly 
used  indicators  of  fuel  volatility.  It  appears  that  either  of  these  parameters 
correlates  the  idle  CO  data  better  than  does  hydrogen  content.  Both  of  these 
properties  can  be  expected  to  affect  idle  emissions,  but  for  these  tests  it  is 
difficult  to  judge  which  property  is  roost  important  since,  for  these  fuels  at 
least,  they  turn  out  to  be  highly  interrelated  ( mathematically  compounded) .  There 
is  some  indication  in  Figure  34  that  for  the  JP-4-based  fuels,  the  volatility 
parameter  better  correlates  the  results  than  does  the  droplet  size  parameter. 

Hydrocarbon  emission  levels  generally  have  been  found  to  follow  the  same 
trends  as  do  CO  emissions,  but  to  be  more  sensitive  to  combustor  operating 
conditions  and  to  exhibit  mere  variability.  Both  of  these  trendy  were  observed 
in  the  present  tests  and  are  illustrated  in  Figure  35,  whore  HC  emission  levels 
are  plotted  against  CO  emission  levels  for  the  idle  and  cruise  test  points  and 
all  fuels.  At  idle  the  HC  index  is  about  25  g/kg  (2.3  percent  inefficiency). 

At  cruise  the  levels  are  an  ord^r  of  magnitude  lower,  and  at  takeoff  and  dash 
conditions  the  levels  were  very  low.  There  is  considerable  scatter  ip  the  cruise 
and  idle  data,  but  the  regression  curve  fit  exponent  (1 .79)  is  in  good  agreement 
with  past  experience  (about  1.5  to  3.10-  Table  ).t  summarizes  the  HC  results  for 
all  fuels  and  operating  conditions .  The  idle  and  cruise  data  arc-  plotted  against, 
fuel  hydrogen  content  in  Figure  36.  The  idle  data  am  further  plotted  against  fuel 
volatility  and  relative  spray  droplet  size  in  Figure  37.  Neither  of  these  plots 
indicates  any  clear  fuel .  proper  t.y  effect  on  the  KC  emission  level*. 

2.  N0V  Emissions  '  - 

X 

Oxides  of  nitrogen  (NO  >  may  torn'  from  oxidation  of  nitrogen  which 
originated  either  in  the  air  or  in  the  fuel.  Current  jet  engine  fuels  and  all 
of  the  fuels  used  in  this  program  contained  negligible  amounts  of  bound  nitrogen, 
but  in  the  future,  alternate  sources  and/or  processing  economics  may  result 
in  significant  'Quantities  of  bound  nitrogen  in  aircraft  fuels.  The  following 
discussion  is  therefore  applicable  only  to  the  "thermal"  N0X  production 
characteristics  of  current  and  advanced  fuels.  Fuels  containing  significant 
quantities  of  bound  nitrogen  have  been  investigated  in  other  programs,  and 
typical  results  are  contained  in  References  8,  9,  and  10. 

In  contrast  to  CO  and  HC  emissions ,  which  are  products  of  incomplete 
combustion  and  are,  therefore,  generally  significant  only  at  low  power  conditions, 
"thermal"  N0X  ie.  an  equilibrium  product  of  high  temperature  combustion,  and  is 
therefore  highest  at  high  power  operating  conditions.  Figure  38  shows  the  strong 
effect  of  combustor  operating  conditions  on  NOx  emission  levels  with  JP-4  fuel. 

The  data  for  both  combustor  assemblies  correlate  well  with  a  combustor  operating 
severity  parameter  determined  by  curve  fit  techniques  ns  described  in  Section 
V-F.-l.  This  correlation  shows  the  significant  effects  of  inlet  pressure, 
temperature  ,  humid fLy,  velocity  ,  and  fuel-air  ratio.  At  takeoff  conditions,  the 
N0X  emission  index  is  about  lit. 5  g/kgv  which  is  in  goo:!  agreement  with  several 
engine  measurements.  At  dash,  cruise,  and  idle  operating  conditions,  tire  N0X 
levels  are  approximately  16G,  42,  and  24  percent,  respectively,  of  the  takeoff 
N0X  level.  Very  similar  results  were  obtained  in  each  of  the  tests;  the  results 
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Fuel  1 0  Percent  Recovery  To'njieralure,  X. 
(Ca.s  ChroiTUitoj;rapli  §isiuiated  Diet  illation) 


Fftuct  of  Futl  At  on>L2  at  ion  and  Volatility  on  Idle  CO 
Iiwission  l,e\’e  It; . 


Table  16.  Summary  of  HC  Emission  Test  Results. 


Fuel 

Number 

HC  Emission  Index,  g/kg 

Idle 

Cruise 

Takeoff 

Dash 

l 

23.6 

0.5 

0. 1 

0.1 

1R 

22.6 

0.5 

0.1 

0.1 

2 

20.4 

2.4 

2.4 

0 

3 

25.3 

0.5 

0.1 

0 

4 

15.1 

1.0 

0.6 

0.  1 

5 

23.6 

0.5 

0 

0 

6 

22.6 

0.8 

0.3 

0. 1 

~T 

t 

33-9 

2.2 

0.9 

0.3 

8 

35.1 

- 

1.8 

0.4 

9 

30.5 

2.6 

1.5 

0.4 

10 

22.4 

1.9 

1.2 

0.4 

11 

26.8 

2.2 

1.2 

0.4 

12 

i 

17.3 

1.5 

1.1 

0.5 

1 

0. 1 


13 


15.5 


1.5 


0.5 


HC  Emission  Index,  gi kg 


arc  summarized  in  Tabic  17  and  Figure  39.  At  idle  and  cruise  operating  conditions, 
virtually  no  effect  of  fuel  properties  is  evident,  and  at  the  high  power 
operating  conditions  (takeoff  and  dash)  ,  N0X  levels  decreased  with  fuel  hydrogen 
content.  This  dependence  on  fuel  hydrogen  content  can  be  predicted  for  diffusion 
flame  processes  such  as  this  because  of  the  flame  temperature  dependence  on 
fuel  hydrogen  content  and,  in  turn,  the  effect  of  flame  temperature  on  N0X 
formation  rates.  Figure  AO  shows  the  effect  of  flame  temperature  (from  Table  1) 
on  the  N0X  emission  levels  at  takeoff. 

3 .  Smoke  Emissions 

Smoke,  like  CO  and  HC,  is  a  product  of  incomplete  combustion,  but  combustors 
with  virtually  100  percent  combustion  efficiency  can  produce  highly  visible 
exhaust  plumes,  because  the  soot  particle  sizes  arc*  of  the  same  order  as  the 
visible  light  wave  lengths.  The  J79-17A  combustion  system  produces  highly 
visible  exhaust  plumes,  particularly  when  fueled  with  the  fuels  of  lower  hydrogen 
content  (Reference  6) . 

The  effect  of  combustor  operating  conditions  on  smoke  levels  with  JT-4  fuel 
is  shown  in  Figure  41.  No  simple  operating  parameter  could  be  dei ived  from 
the  data,  so  smoke  number  is  merely  plotted  against  combustor  fuel -air  ratio 
and  keyed  as  to  inlet  conditions.  Within  the  test  range,  there  is  virtually 
no  fuel-air  ratio  effect,  and  the  repeatability  between  combustor  assemblies 
is  quite  good.  At  true  idle,  cruise,  and  75  percent  density  dash  operating 
conditions,  the  smoke  levels  are  approximately  29,  74,  and  r> 5  percent,  respectively, 
of  the  smoke  level  at  true  takeoff  operating  conditions.  At  full  density  dash 
operating  conditions  smoke  levels  might  he  expected  to  be  somewhat  higher  at 
the  combustor  exit  plane  and  then  be  partially  consumed  in  the  afterburning 
process.  Because  of  the  uncertainty  of  the  extent  of  these  two  opposing 
processes,  1.0  corrections  were  made.  However,  in  Table  18  all  of  the  data  have 
been  corrected  to  engine  outlet  fuel-air  ratio  ac  ording  to  the  procedure  outlined 
in  Appendix  E  to  account  for  turbine  cooling  air  dilution  ol  the  main  combustor 
products.  When  this  correction  is  applied,  the  engine  smoke  number  at  takeoff 
with  JP-4  fuel  (-55)  is  in  good  agreement  with  engine  measurements  (-62).  Also 
shown  in  Table  18  are  corresponding  smoke  emission  indices,  cal'--  ''to  l  rom 
the  smoke  number  by  the  procedure  described  in  Appendix  E. 

In  Figures  42  and  43,  the  effects  of  fuel  hydrogen  content  on  engine  smoke 
number  and  smoke  emission  index  are  illub,iu;  power  conditions  (idle 

and  cruise)  very  good  correlations  are  indicated,  witn  )  discernablc  effect  of 
any  other  fuel  property.  In  particular,  these  da'  were  studied  to  determine 
if  any  effect  of  aromatic  type  could  be  found,  since  some  investigations  have 
concluded  that  bicyclic  aromatics  have  a  greater  adverse  effect  on  flame 
radiation  and  smoke  than  do  monocyclic  aromatics  in  the  same  \  Mimetric 
concentration.  No  effect  of  aromatic  type  is  ..  ider.t  ii  these  low  power  data, 
and  if  there  is  any  effect  in  the  high  power  data  it  is  less  than  the  data 
variability . 
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NO^  Emission  Index,  g/kg 
(Corrected  to  Standard  Day  T,  P  and  h) 
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Combustor  Exit  Smoke  Number 


•  JP-4  Fuel 

Tailed  Symbols:  Combust '<r  Assembly  No.  2 


Takeoff 


A, 

Cruise  — ~ 

i 

(75%  P3) 


feu  Metered  Fuel-Air  Ratio,  g/kg 


Figure  41.  Effect  of  Operating  Conditions  on  Rig  Smoke 
Emission  Levels. 


"able  18.  Summary  of  Smoke  Emission  Test  Results 
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4 .  Carbon  Deposit  ion  nnd  Emission 


As  discussed  in  Section  V-A-2,  each  high  pressure  combustor  test  was  run 
with  procedures  established  to  provide  information  as  to  the  relative  carbon 
deposition  tendencies  of  each  fuel.  Each  test  began  vi th  a  clean  combustor 
and  fuel  nozzle,  and  was  run  t ;<  approximately  the  same  total  time  (4.5  hours). 

At  the  completion  of  each  test,  visual  ratings  of  the  relative  carboning  tendencies 
were  made  which  are  summarized  in  Table  19.  Photographs,  which  are  included  in 
Appendix  B,  were  also  made,  in  order  to  document  the  carbon  deposition  tendencies. 
Figures  44  and  45  illustrate  the  approximate  extremes  in  carbon  deposition  which 
were  found-  As  shown,  some  carbon  deposition  was  found  in  all  tests,  with  the 
greatest  accumulations  on  and  around  the  fuel  nozzle  air  shroud  face-  The 
variations  between  fuels  were,  however,  fairly  subtle,  and  no  massive  "clinker"- 
type  deposits  were  found.  Figure  46  shows  the  variation  in  visual  rating  with 
fuel  hydrogen  content.  The  tendency  for  deposits  to  decrease  witli  increasing 
fuel  hydrogen  content  is  evident,  but  there  is  considerable  scatter  in  the  data  - 
which  was  not  unexpected  in  these  relatively  short  tests. 

In  an  effort  to  better  quantify  the  relative  carbon  forming  tendencies, 
cycle-averaged  large  carbon  particle  emission  samples  were  collected  wi th  the 
procedure  described  in  Section  V-A-2.  It  was  expected  that  these  measurements 
might  provide  a  better  measure  of  the  carbon  formation  tendencies  than  would  the 
post-test  combustor  inspections  since  periodic  shedding  is  known  to  occur 
(Reference  6),  particularly  in  the  first  few  hours  of  test  (Reference  11). 

Results  of  these  analyses  are  also  listed  in  Table  19,  and  the  variation  with 
fuel  hydrogen  content  is  illustrated  in  Figure  47.  A  strong  effect  of  fuel 
hydrogen  content  is  indicated,  but  the  data  scatter  is  too  great  to  identify 
any  other  fuel  property  effects. 

5 .  Liner  Temperature  and  Flame  Radiation 

Inner  liner  temperature  measurements  were  obtained  in  the  high  pressure 
combustor  tests  at  the  locations  described  in  Section  V-A-2;  detailed  data 
are  listed  in  Appendix  A.  Figure  48  shows  typical  spatial  variations  in  measured 
liner  temperature  rise  (TL  -  T3) .  Peak  temperatures  always  occurred  at  the  60 
degree  position  and  either  at  the  fourth  or  fifth  thermocouple  row.  The  effect 
of  combustor  operating  conditions  or  average  and  peak  inner  liner  temperatures 
with  JP-4  fuel  is  shown  in  Figure  49.  Strong  effect  of  combustor  inlet 
temperature  (and  pressure),  a  negligible  effect  of  luel-air  ratio,  and  good 
repeatability  between  combustor  assemblies  are  all  indicated.  Similar  results 
were  obtained  with  each  of  the  other  fuels,  and  results  are  summarized  in 
Table  20.  Rises  in  both  peak  and  average  inner  liner  temperature  at  all  four 
engine  power  levels  correlate  very  well  with  fuel  hydrogen  content ;  as  shown  in 
Figute  50.  At  each  power  level,  peak  temperature  rise  is  about  50  percent 
higher  than  the  average  temperature  rise,  and  the  peak  temperatures  are  much  more 
sensitive  to  fuel  hydrogen  content  than  are  avciage  temperatures.  These  liner 
temperature  levels  and  trends  are  in  good  agreement  with  those  in  Reference  6, 
and  also  with  thooe  in  Reference  10.  as  shown  in  Figure  51.  The  dimensionless 
liner  temperature  parameter  <TL%  n**.  “  Tl.  max.,  jp-4)/,TL,  max.,  JP-4  ~  T3^ 
was  shown  in  KeieifcOv-e  lu  to  t«ri*iaL-  a  wide  variety  of  data  involving  rich 
combustion  systems  with  pressure-atomizing  fuel  injection  systems  designed  by 
three  different  engine  manufacturers.  With  the  addition  of  the  current  data 
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Tabic  19.  Summary  of  Caibon  Deposition  and 
Emission  Test  results. 


Fuel 

Number 

Visual  Rating 
of  Carbon 

Depos ' tion  on 
l.incr/Fuel  Nozzle 

Test  Cycle  Averaged 
Large  Carbon  Particle 
Emission  Rate, 

R  Carbon/kg  Gas 

First'1* 

Rater 

(2) 

Second 

Rater 

1 

B 

2 

35.1 

IK 

A 

8 

20. 1 

2 

A 

1 

3.4 

* 

-> 

1  '  n 

A  *1  •  J 

4 

A 

13 

21.1 

5 

B 

4 

99.0 

6 

A 

3 

44.0 

7 

A 

b 

15.3 

8 

- 

- 

81  .b 

9 

A 

9 

- 

10 

W 

11 

407.8 

i  1 

W 

i  2 

342.5 

12 

A 

5 

28.0 

13 

W 

10 

40.9 

A  »  A.verage,  B  =»  Better  (Cleaner)  than  Average, 
W  «  Worse  (Dirtier)  than  Average. 

Ranked  1  (Cleanest)  to  13  (Dirtiest). 


(2) 


i  Tin  ted  bo'iitlvc  OarSon  Deposition 


Fuel  Hydrogen  Content,  weight  percent 


Figure  47.  Effect  of  Fuel  Hydrogen  Content  on  Large  Carbon 
Particle  Emission. 


94 


Temperature  Rise 


Table  20.  Sumnary  of  Liner  Temperature  Test  Results. 


Tnnrr  Liner  TVnpernt art1  Rise, 


Figure  50.  Effect  of  Fuel  Hydrogen  Content  on  Inner  Liner  Temperature  Rise 


Figure  51.  Effect  ol  Fuel  Hydrogen  Content  on  Liner  Temperature 
Parameter  at  Cruise  Operating  Conditions. 


to  this  correlation,  it  appears  that  fuel  hydrogen  content  has  been  shown  to  be 
the  only  important  fuel  parameter  with  respect  to  liner  temperature  trends, 
and  (by  inference)  probably  the  only  important  fuel  parameter  with  respect  to 
flame  radiation  and  smoke  emissions. 

Flame  radiation  measurements  at  the  cress-fire  port  plane  were  obtained 
with  the  apparatus  and  procedures  described  in  Section  V-A-2;  detailed  data 
are  listed  in  Appendix  A.  Figure  52  shows  the  effect  of  combustor  operating 
conditions  on  flame  radiation  with  JP-4  fuel.  The  operating  parameter  shown 
was  obtained  by  multiple  i egression  curve  fit  of  these  data.  An  exponential 
effect  of  inlet  pressure  and  temperature,  with  a  weak  inverse  power  effect  of 
fuel-air  ratio,  correlate  the  data.  The  inverse  fuel-air  ratio  effect  is 
interpreted  to  be  associated  with  axial  lengthening  and/or  downstream  movement 
of  the  intense  flame  zone  with  increasing  fuel-air  ratio.  Good  measurement 
repeatability  is  indicated  in  these  two  JP-4  fuel  tests,  but  in  later  tests 
some  problems  were  encountered  in  processing  the  pyrometer  signal,  maintaining 
pyrometer  alignment  and  viewing  window  cleanliness.  Overall  results  are 
summarized  in  Table  21,  and  effects  of  fuel  hydrogen  content  arc  illustrated 
in  Figure  53.  The  effect  of  hydrogen  content  seems  to  increase  with  inlet 
pressure  and  temperature.  The  reduced  hydrogen  content  fuel  data  are,  however, 
judged  to  be  not  accurate  enough  to  determine  if  other  fuel  properties  are 
important  but,  on  the  surface  at  least.  Figure  53  indicates  a  tendency  for 
h icy cl i c  aromatic  blends  to  produce  higher  flame  radiation  than  monocyclic 
aromatic  blends  with  the  same  low  hydrogen  content .  It  seems  that  if  this  effect 
weie  real,  it  would  also  show  up  in  the  liner  temperature  and  smoke  data. 

6.  Combustor  Exit  Profile  and  Pattern  Factor 


Combustor  exit  temperature  distributions  were  measured  in  the  high  pressure 
tests  using  the  fixed  thermocouple  rake  array  described  in  Section  V-A-2. 
Detailed  data  are  listed  in  Appendix  A,  and  typical  results  are  shown  in 
Figure  54.  Both  average  and  peak  radial  temperature  profiles  always  tended  to 
be  inboard  peaked,  and  some  small  but  consistent  differences  between  the 
profiles  of  the  two  different  combustor  assemblies  were  observed.  Combustor 
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peak  profiles.  The  effect  of  combustor  operating  conditions  on  pattern  factor. 


shown  in  Figure  55,  also  differed  somewhat  between  the  two  assemblies.  Combustor 


assembly  Number  1  tended  to  be  less  sensitive  to  operating  conditions  than 
assembly  Number  2.  Pattern  factor  and  average  profile  peak  factor  for  all  tests 
are  summarized  in  Table  22.  Overall,  pattern  factor  was  about  0.05  higher  and 


average  profile  peak  factor  was  about  0.02  lower  for  combustor  assembly  Number  1. 
No  significant  fuel  effect  was  expected,  and  as  shown  in  Figure  56,  if  there  is 
one  it  Is  small  relative  to  this  combustor  geometry  difference. 


Cold-Day  Ground  Starting  and  Idle  Stability 


Fourteen  cold-day  ground  start  tests  were  conducted  in  the  low  pressure 
rig  using  procedures  described  in  Section  V-b-2.  Detailed  test  results  are  listed 
in  Appendix  C.  Typical  results  are  illustrated  in  Figure  57.  In  each  test, 

1000  rpra  engine  motoring  conditions  were  simulated,  and  lean  lightoff  and  lean 
blowout  limits  were  determined  as  a  function  of  ambient  (fuel  and  air)  temperature 
in  steps  from  test  cell  ambient  down  to  239  K.  (-30“  F) .  As  shown  in  Figure  57 , 


Radiant  Heat  Flux  (at  Crossfire  Duct),  kW/m 


Table  21.  Summary  of  Radiant  Heat  Flux  Test  Results 


Number 


2 

Radiant  Heat  Flux,  kW/m 

Idle 

Cruise 

Takeof  f 

Dash 

108.3 

113.0 

152.6 

260.2 

99.1 

>— 

o 

CO 

142.4 

247.3 

119.1 

124.0 

164.1 

273.0 

111.1 

113.6 

152.7 

253.6 

201.0 

212.5 

306.4 

562.0 

113.6 

119.7 

169.5 

304.9 

116.9 

121.6 

162.5 

2:3.2 

173.8 

184.5 

272.4 

511.4 

- 

- 

395.0 

595,0 

140.2 

148.3 

214.2 

393,6 

183.4 

192.2 

265.2 

463.6 

110.0 

114.0 

190.0 

- 

- 

- 

- 

” 

i. 


Flux,  kW/m 


Pattern  Factor 


0. 


seably  No.  1 
seably  No.  2 


Figure  55.  Effect  of  Coabustor  Operating  Conditions  on  Pattern  Factor 
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22.  Suamary  of  Pattern  P/ictor  and  Radial  Profile  Teat  Reaulta. 


Ground 


even  with  the  most  viscous  fuel  (Mo.  13,  D-2)  llghtoffs  were  obtained  down  to 
239K,  but  the  fuel-air  ratios  required  were  fuel-type-  and  temperature-dependent. 
Lean  blowout  fuel-air  ratios  were  usually  about  half  of  what  the  ratios  were  for 
llghtoff,  with  similar  fuel-type  and  temperature  dependence.  Results  for  all 
fuels  are  summarized  in  Table  23.  Effects  of  fuel  properties  on  lean  llghtoff 
fuel-air  ratio  are  illustrated  in  Figure  58.  As  discussed  in  Section  VI-A-1, 
volatility  and  atomization  characteristics  of  these  fuels  are  highly  correlated, 
but  the  volatility  parameter  somewhat  better  correlated  the  idle  CO  emissions. 
These  cold-day  start  data  do,  however,  correlate  very  well  with  relative  spray 
droplet  size.  No  effect  of  hydrogen  content  or  aromatic  type  is  evident. 


lean  llghtoff  and  t lowout  limits  were  also  measured  at  idle  operating 
conditions  for  all  of  the  test  fuels,  as  part  of  the  high  pressure  test  series. 
These  data  are  summarized  in  Table  24.  As  shewn,  lean  blowout  fuel-air  ratios 
were  less  than  2.6  g/kg  with  all  fuels,  and  llghtoff  fuel-air  ratios  ranged 
from  3,9  to  8.6  g/kg,  the  variation  being  attributed  to  data  scatter  rather 
than  to  any  fuel  property  effect.  At  these  inlet  conditions,  llghtoff  and 
blowout  are  probably  more  dependent  on  fuel  nozzle  size  (spray  development) 
and  dome  airflow  than  upon  any  of  the  fuel  properties. 

b .  Altitude  Relight 

Fourteen  altitude  relight  tests  were  conducted  in  the  low  pressure  rig 
using  procedures  described  in  Section  V-h-2,  Detailed  results  arc*  listed  I;. 
Append!/:  C  and  Suswaiizeo  in  Table  25. 


Overall,  very  good  altitude  relight  characteristics  were  found,  with  very 
minor  fuel  effects.  Lightoffs  were  generally  readily  obtalr  *?d  at  the  15.2  km 
altitude/minimum  engine  fuel  flow  rate  conditions,  and  pres  re  blowout  limits 
were  beyond  the  facility  capability.  Over  90  percent  of  the  1J0  llghtoff 
attempts  were  successful,  and  most  of  the  unsuccessful  attempts  were  outside  the 
estimated  current  engine  limits  (figure  32;. 


In  Table  25(a),  combustor  conditions  are  tabulated  for  the  estimated  J79-J.7A 
engine  altitude  relight  limits  shown  in  Figure  32.  Relight  results  (success) 
of  the  present  tests  are  tb«n  listed  in  Table  23(b).  For  each  of  the  JF-4- 
or  JF-8-baaed  fuels,  the  present  >  suits  are  in  good  agreement  with  the  engine 
estiroatvs.  I.ightoffs  were  readfly  obtained  at  the  two  intermediate  airflow 
rates.  They  were  generally  obtained  at  the  two  extreme  airflow  rates,  tut 
some  Increased  fuel  flow  rates  v  e  occasionally  required.  The  lowest  airflow 
rate  (left-hand  side  of  the  relight  map)  in  outside  the  estimated  engine  start 
limits  with  JJ'-S  or  Jt'-8  .uel.  As  expected,  therefore,  in  these  tests  m.'ist  of 
the  relight  difficulties  were  in  this  operating  region  probably  because  of  (1; 
low  fuel  and  air  temperature „  and  (2)  ■■•try  low  combustor  pressure  drop. 


In  sharp  contrast  to  the  highly  successful  JF-4/ JP-8-Lased  fuel  relight 
success,  the  diesel  fuel  was  very  difficult  to  Ugh!,  apparently  cue  to  its 
higher  viscosity.  Afl"r  this  diesel  fuel  finding,  a  brief  repeat  of  the  JP-4 
fuel  test  was  conducted  which  repeated  the  earlier  results  very  well.  It  appears 
that  significantly  higher  spark  energy  and/o.  better  fuel  atomization  are  needed 
with  d i esc) -type  fuels. 
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Table  23.  Summary  of  Ground  Start  Test  Results 


(1) 


Fuel-Air  Ratio,  g/kg 


Fuel 

Number 

Standard  Day  (288,2  K) 

Cold  Day^"^ 

(239.0  JO 

Lean 

Llghtof  f 

Lean 

Blowut 

Lean 

lightof  f 

Lean 

Blowout 

1 

8 

3 

9 

5 

IK 

9 

4 

9 

4 

2 

13 

5 

16 

5 

3 

15 

5 

14 

5 

4 

13 

5 

19 

7 

5 

10 

6 

14 

7 

6 

13 

4 

14 

7 

7 

18 

8 

19 

11 

8 

16 

8 

13 

8 

9 

12 

10 

15 

1) 

10 

13 

7 

14 

7 

11 

16 

11 

15 

12 

12 

13 

J  ft 

1  c 

*  J 

JO 

13 

17 

8 

24 

12 

Simulated  1000  r,*»  Cranking  Conditions 
P3  -  101 

W  -  3.13  kg/s  per  engine 

(2) 

All  fuels  light-off  to  239  K  (at  leant) 


109 


Cold  Rav  (239  R)  1  part  Liphtoff  Puol-Air  Ratio 


K 


O  JP-A  Based  Fuels 

Q  JP-8  Based  Fuels 

- U-.  1  nio.nl  1  _ 

Tails:  Honocycllc  Aromatic  Blends 

i 

qq^o'ffo'-'o 


11- A  +  2 4.6  (x 


1000  rpm  Cranking  Conditions 
P3  *■  101  kPa  J 

W_  *  3.18  kg/s-Engine 


13.0  +  0,0577  (x  -  362 


Foci  10  Percent  Recovery  Teaperature, K 
(Gas  Chroaatograph  Simulated  Distillation) 


58.  Effect  of  Fuel  Atoaizaticm  and  Volatility  on  Cold  Day 
Ground  Start. 
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Tabic*  24.  Suaaary  of  Idle  Stability  Test  Results 
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Table  25.  Suwicy  of  Altitude  Relight  Test  Results. 


(a)  Combustor  Conditions  at  Estimated  J79-17A  Engine 
Current  Start  Limits  (Figure  12). 


1  2-27 

4.08 

4. 

.99 

9, 

.07 

JP-4 

JP-5/JP-8 

JP-4 

JP-5/JP-8 

JP-4 

JP-5/JP-8 

urayjoga 

9.5 

11.9 

8.5 

14.6 

9.4 

18.0 

13.4 

0.57 

- 

0-92 

0.73 

1.10 

0.85 

1.29 

1.18 

34.5 

- 

42.7 

48.3 

48.3 

51.7 

56.5 

84.8 

244 

- 

292 

275 

367 

289 

467 

403 

(b)  Rig  Test  Relight  Success  at  Engine  Limit  Conditions*. 


*  =»  4.22  g/s/can  at  relight  unless  footnoted. 

~20J  increase  in  required  for  lightoff 

(2)  1 

40Z  increase  in  Wf  required  for  lightoff 

O)  1 

~80Z  increase  in  V  required  for  lightoff 


Table  25.  Sumary  of  Altitude  Relight  Teat  Results  (Concluded). 


For  each  of  the  test  conditions  where  successful  altitude  relights  were 
obtained,  pressure  (altitude)  blowout  limits  were  determined;  the  results  are 
shown  in  Table  25(c).  These  investigations  showed  even  less  fuel-type  sensitivity 
than  did  the  relights.  In  only  two  of  the  44  attempts  were  the  limits  found  to 
be  within  the  facility  capability  (approximately  17  km  altitude).  The  two 
cases  where  limits  were  reached  were  on  the  left  side  of  the  windmilling  map 
using  JP-8-based  fuel  blends  (Fuels  6  and  7). 


9-  Fuel  Nozzle  Fouling 


Eighteen  fuel  nozzle  fouling  tests  were  conducted;  they  are  described  in 
Section  V-C.  The  principal  results  were  periodic  fuel  flow  calibrations, 
which  are  listed  in  Appendix  D.  The  test  procedure  was  altered  three  times 
in  this  series  in  an  attempt  to  define  more  clearly  the  relative  iouling 
tendencies  of  all  the  fuels,  in  short  tests.  Normally,  fuel  nozzle  fouling 
occurs  only  after  long  use,  which  would  require  long-time  tests  and  large  fuel 
quantities  to  duplicate,  but  these  were  beyond  the  scope  of  this  program.  The 
test  procedure  changes  made  in  this  series  were: 

3)  After  inconclusive  tests  with  Fuels  1  and  2  (no  significant  flow 
calibration  deterioration) ,  the  fuel  temperature  was  increased 
(from  436  to  478  K)  to  accelerate  the  fouling  tendency. 


'tX 

*•/ 
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flow  calibration  deterioration  at  the  second  calibration  point 
(0.86  MPa  fuel  nozzle  pressure  drop)  was  found  and  determined 
to  be  due  to  secondary  orifice  flow  divider  valve  leakage 
(which  was  never  designed  to  be  leakproof  or  to  operate  on 
primary-only  at  these  severe  test  conditions).  Blocked 
secondary  flow  divider  valve  configurations  elmiminated 
this  extraneous  fouling,  and  therefore,  were  used  in  tests 
of  Fuels  1  through  6. 


3)  Another  type  of  extraneous  fouling  occurred  in  the  later  blocked 
valve  tests  (accumulated  carbon  from  the  valve  cavity  deposited 
in  passages  that  couid  neither  be  inspected  nor  adequately  cleaned 
between  runs).  Therefore,  a  new  standard  fuel  nozzle  was  used 
in  each  of  the  last  seven  tests  (Fuels  7-13),  and  only 
deterioration  at  the  first  calibration  point  (0.522  MPa  pressure 
drop  where  only  the  primary  orifice  flows)  was  analyzed. 


A  summary  of  the  primary  orifice  flow  calibration  data  lor  all  of  the  tests  is 
presented  in  Table  26,  and  the  standard  fuel  nozzle  data  is  plotted  against  fuel 
thermal  stability  rating  (from  Table  6)  in  Figure  59.  At  least  in  those  short 
tests,  no  significant  fuel  effect  is  evident.  Thus,  as  expected,  the  J79  fuel 
nozzle  is  probably  quite  tolerant  to  fuel  property  changes  within  the  range 
covered, and  much  more  sophisticated  long-term  tests  would  be  needed  to  detect 
fuel  differences. 
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Primary  Flow  Rate 


JP-4  Based  Fuels 
JP-8  Based  Fuels 
Tailed  Symbol*:  Xylene  Blends 
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Figure  5*?.  Fffeet  of  Fuel  Thermal  Stability  RatlnR  on  Fuel  Noasls  Fouling  Tendency. 


I.ifc  prediction  analyses  were  performed  using  the  procedures  described  in 
Sections  V-E-2/3  and  test  data  presented  in  Section  Vl-A.  In  particular,  the 
liner  temperature  data  contained  In  Section  VI-A-5  and  the  combustor  exit 
temperature  data  contained  in  Section  Vl-A-6  were  considered. 


1.  Combustor  Life  Predictions 


The  uiimm  liner  temperature  occurred  near  the  plane  of  the  cross-fire 
tubes,  and  at  the  takeoff  conditions  they  ranged  from  approximately  1090  to  1165K 
for  the  fuels  investigated  in  this  program.  These  maximua  temperatures 
correspond  to  peak  metal  temperature  rises  (Tj ,  max  -  T3)  of  about  425  to  500k. 
These  data,  together  with  the  crack  propagation  cyclic  life  curve  shown  in 
Figure  29,  are  the  basis  for  the  predicted  inner  liner  relative  life  curve 
shown  in  Figure  60.  The  predicted  decrease  in  life  is  due  to  two  factors: 
the  increased  effective  stress  because  of  larger  temperature  gradients,  and 
the  decay  in  material  properties  at  the  higher  temperature  level.  The  relative 
predicted  life  for  several  fuels  is  approximately  as  follows: 


Fuel  Hydrogen  Content, 


Weight ,  Percent 


Relative  J79-17A 
Combustor  Life 


14.5  (current  JP-4)  1.00 

14.0  (current  JP-8)  0.78 

13.0  (FJUJS  fuel.  Ref.  1)  0.52 

12.0  (minimum,  this  0.35 

program) 


2.  Turbine  Life  Predictions 


As  discussed  in  Section  V-E-3,  flame  radiation  changes  are  not  predicted 
to  affect  turbine  nozzle  diaphragm  temperatures  because  of  the  small  viewing 
angle.  Proiile  or  pattern  iactor  changes  would  be  expected  to  directly  affect 
turbine  temperatures,  but  as  was  anticipated,  no  fuel  effects  on  combustor 
outlet  temperature  distribution  were  observed.  The  179-17A  turbine  life  is 
therefore  not  expected  to  be  affected  by  fuel  property  changes  investigated 
In  this  program. 


C-  Assessment  of  Results 

The  data  and  analyses  presented  in  the  previous  section  provide  a  summary 
of  the  effects  of  fuel  property  variations  oa  the  performance,  emission,  and 
durability  characteristics  of  the  .J79-17A  combustion  system,  based  on  single 
combustor/ fuel  nozzle  rig  tests.  The  data  are  generally  well  ordered  and  in 
good  agreement  with  previous  data,  where  coaparisons  could  be  made.  Therefore, 
these  data  are  thought  to  be  a  valuable  addition  to  the  USAF  data  bank.  However, 
since  these  are  all  rig  results,  some  direct  verification  by  engine  tests  Is 
recommended . 
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These  data  show  that  fuel  hydrogen  content  is  a  key  fuel  property, 
particularly  with  respect  to  high  power  performance  e  '.ssions  and  durability. 
Smoke,  flame  radiation,  liner  temperature  (and  hence,  combustor  life),  carbon 
deposition,  and  N0X  emissions  were  all  found  to  be  dependent  upon  fuel  hydrogen 
content,  with  no  disccmable  effect  from  any  other  fuel  properly.  Hence,  fuel 
hydrogen  content  is  a  key  fuel  property  at  high  engine  power  operating  conditions 
(takeoff,  subsonic  cruise  and  supersonic  dash).  At  low  power  conditions,  fuel 
hydrogen  content  tends  to  become  unimportant,  but  fuel  volatility  and  viscosity 
arc  important,  since  they  affect  fuel  atomiration  and  evaporation  chat  cter ist ics. 
The  J79-17A  combustion  system  has  excellent  cold -day  ground  start  and  altitude 
relight  character isticst  but  these  data  indicate  that  conversion  from  JP— i  to 
JF-8  as  the  primary  USAF  fuel  will  result  in  noticeable  reduct  ions  in  these 
starting  capabilities.  The  high  energy  ignition  system  which  is  standard 
equipment  for  the  JP-5  fueled  I’S  Navy  J79-10  engine  might  be  considered  tor 
I’SAF  use  with  JP-8  fuel.  Further,  these  data  indicate  that  a  more  viscous  fuel, 
such  as  No.  2  diesel,  would  very  seriously  reduce  the  start i.ig  capability  ot  the 
J79-17A  engine.  Both  ignition  system  and  fuel  injection  changes  would  piobaoly 
be  required  to  cope  with  this  great  a  fuel  change. 

The  J79-17A  fuel  nosrle  appears  to  be  quite  tolerant  of  fuel  property 
changes  with  respect  to  fouling.  This  was  expected  both  from  the  service  history 
and  the  design  geometry  (relatively  large  metering  ports  and  loose  tolerances). 

The  short  but  severe  tests  conducted  in  this  program  tend  to  support  this  back¬ 
ground.  but  vere  not  yccv  conclusive-.  It  appears  rh.»r  one  of  the  concerns 
regarding  future  fuel  characteristics  is  the  extent  to  which  the  thermal 
stability  ratings  will  change,  and  the  extent  to  which  engine  fuel  supply/ 
injection  system  performance  will  be  affected.  Additional  studies  in  this  area 
are,  therefore,  needed. 


SECTION  VII 


CONCLUSIONS  AND  RECOMMENDATIONS 


Based  on  the  J79-17A  com.  astion  system  experiments  and  analyses  conducted 
in  this  program,  the  following  conclusions  and  recommendations  are  made: 


A.  Cone lusions 


1)  Fuel  hydrogen  content  strongly  affected  smoke,  carbon  deposition, 
liner  temperature,  flame  radiation  and  moderately  affected  N0X 
emissions.  Hydrogen  content  is,  therefore,  probably  the  single 
taost  Important  fuel  property,  particularly  with  respect  to  high 
power  performance  and  emission  characteristics  and  combustor 
durability  (life). 


2) 


Fuel  volatility  (as  indicated  by  initial  boiling  range) 
viscosity  effects  became  evident  at  low  power  operating 
conditions.  Cold  day  starting  and  altitude  relight 


- _ V.  Jf  l 

v  apat'i  in> 


.  LJ  LI.. 

ai  v  infill) 


and 


3)  Within  the  range  tested,  neither  aromatic  type  (monocyclic 
or  biv/clie)  nor  final  boiling  range  produced  any  direct 
effect  on  emissions  or  combustor  performance. 


A)  None  of  the  fuel  properties  produced  any  measurable  effect 
on  combustor  exit  temperature  distribution  (profile  and 
pattern  factor),  idle  stability,  fuel  no* tie  fouling 
tendency,  or  turbine  life. 


5)  More  sophisticated  long-term  tests  are  needed  to  determine 

the  effects  ot  tuel  thermal  stability  err  tuel  supply /inject  Ion 
system  components. 


B.  Keopaimendat  lens 


1)  J79-17A  engine  tests  with  selected  fuel*  a~e  recommended  to 

verity  the  trends  established  in  these  single  combust or /fuel 
nozzle  rig  t^sls. 

3)  Additional  single  combustor 'fuel  nozzle  rig  tests  with  the 
lov~smoke/ long - 1 1 1 e  J  79  combustor  design  are  recommended. 
These  data  would  show  the  effect  ot  combustor  design 
features  on  fuel  property  sensitivity  within  the  same 
engine  envelope/operating  range. 

Efforts  i ..  d*»t ermine  the  factors  which  aftcct  tuel  thermal 
Stability  and  its  relationship  to  engine  fuel  supply/ 
injection  system  performance  are  recommended. 


3) 


A1TENDIX  A 


HIGH  1’RESSL’KE  TEST  l)ATA 


Table  A-l  presents  a  summary  of  the  key  reduced  data  f  i am  the  high  pleasure 
performance  and  emission  tests.  Table  A-2  presents  additional  measured  and 
calculated  parameters  for  those  tests. 

Table  A- 3  presents  the  measured  and  corrected  CO  emission  test  data  at  the 
four  engine  operating  conditions.  The  procedure  for  correcting  the  measured 
data  to  engine  conditions  by  the  ratio  of  the  seventy  parameters  is  also  shown. 

As  can  be  seen,  the  corrections  are  all  relatively  small  except  at  dash  operating 
conditions  where  the  test  pressure  was  reduced.  Measured  and  corrected  hydro¬ 
carbon  emission  data  are  similarly  presented  in  Table  A- 4 , 

The  NOx  emissions  data  were  correlated  as  shown  in  Table  A-*'.  A  linear 
regression  curve  fit  of  the  test  data  points  tor  each  fuel  was  performed 
(see  Figure  3S)  from  which  the  quoted  engine  omission  indices  were  calculated. 
Small  differences  in  measured  and  collected  indices  are  primarily  due  to  the 
humidity  correction. 

Table  A-o  presents  the  smoke  data  analysis.  As  discussed  in  Sect  ion  Vl-A-j 
no  operating  condition  severity  parameter  for  smoke  could  be  readily  found,  so 
the  data  presented  are  as  measured,  except  that  they  have  been  corrected  tv’ 
engine  Station  S  fuel-c.it  ratio  conditions  as  described  in  Appendix  F, 

Table  A-7  presents  the  detailed  liner  temperature  measurements.  The  data 
are  presented  as  liner  temperature  rise  (T^j,u.t.  -  T  3  3 .  The  thermocouple  locations 
indicated  correspond  to  those  shown  in  Figure  21.  Avetugc  liner  temperature  rise 
is  also  listed.  With  only  two  exceptions,  the  maximum  always  occurred  on 
Thermocouple  1*1  or  23  and  is  listed  in  TabU  A-l. 


Tabic  A  h  presents  a  sitfMimiry  or  the  t  lame  radiation  data  ana  i'sis  i.iue.ii 
regression  curve  fits  ot  the  data  (see  Figure  52)  were  pet  formed  flow  which  the 
quoted  engine  flame  tadiation  levels  were  calculated. 


Table  A-9  presents  a  summary  ot  the  pattern  factor  data  analyses.  Again, 
linear  regression  curve  fits  of  the  data  (see  Figutc  5M  were  performed  from 
which  the  quoted  engine  pattern  factor  levels  were  calculated.  Table  A- 10 
presents  the  detailed  combustor  exit  temperature  profile  data  for  all  tests. 
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Tabic  A- 3.  CO  Emission  Test  Data  Correlation 


(a)  Data  Correction  to  Engine  Condition-.: 
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Table  A— 4 .  HC  Emission  Test  Data  Correlation. 
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(j)  Correlation  vith  Combustor  Operating  Conditions: 


Tabic  A-6.  Smoke  Emission  Test  Data  Correlation- 


(a)  Data  correction  to  engine  conditions: 


Fuel 

SN. 

4 

/  as  measured.  Table  A-l,  at  \ 

(  teat  points  3,  5,  6,  9  and  10/ 

SN8 

/  as  corrected  to  fg ,  Table  A-2,  \ 
y at  test  points  3,  5,  6,  9  and  10/ 

PP-vJpfli 

Cruise 

Takeoff 

Dash 

Cruise 

1 

Dash 

Number 

(5) 

(6) 

(9) 

(5) 

mm 

(9) 

1 

23.3 

47.8 

62.3 

17.1 

41.4 

55.2 

1R 

19.6 

44.2 

57.8 

14.0 

37.8 

51.5 

33.6 

2 

34.2 

56.3 

67.9 

28.5 

50-1 

61.8 

38.0 

3 

29.0 

53.1 

58.4 

38.5 

24.1 

47.6 

53.1 

33.3 

4 

54.6 

82.1 

56.4 

51.1 

77.3 

75.8 

51.8 

5 

43.0 

65-9 

42.2 

44.8 

36.2 

61.6 

66.9 

40.2 

c 

v 

r  A  r\ 

82 . 4 

76.5 

47.5 

56.0 

78.8 

72.1 

44.4 

7 

55.9 

74.8 

87.4 

64.1 

51.3 

69.9 

85.6 

59.2 

8 

56.0 

61.0 

90.8 

80.0 

52.4 

76.6 

88.9 

74.6 

9 

45.9 

76.0 

75.2 

79.1 

43.5 

71.6 

73.1 

75.2 

10 

63.0 

82.0 

68.9 

85.1 

58.7 

77.3 

67.1 

80.0 

11 

47.4 

72.4 

64.2 

52.0 

43.8 

68.8 

62.7 

47.5 

12 

32.4 

58.4 

65.2 

51.6 

27.4 

53.2 

63.9 

47.1 

13 

48.0 

67.4 

70.3 

56.6 

40.9 

61.2 

69.4 

51.1 

(b)  Data  correlation  with  Fuel  Hydrogen  Content: 
SNg  -  b  +  m  (14.5  -  H) 


Engine  Power  Level 

Idle 

Cruise 

Dash 

b.  Intercept 
m.  Slope 

r,  Correlation  Coefficient 

18,41 

15.23 

0.960 

42.24 
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55.51 
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35.12 

11.59 

0.676 

_ 
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Table  A-7,  Detailed  Liner  Temperature  Data. 
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Table  A-8.  Flaae  Radiation  Data  Correlation. 


(a)  Cot  relation  with  Coat*  us  tor  Operation  Conditions: 
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Tvo  types  ot  tost  veto  evnd VC t cv*  In  the  lev  pressure  combes t or  l vs t  i  ig • 
altitude  relight  tests  and  c v' l  d  ~  d ax  ground  st.au,  teats,  Apparatus  and  piccvOutvs 
yhich  v\  tv  used  are  de*vvrbed  in  S-v'tUw  V-?, 

Detailed  results  et  the  altitude  relight  tests  are  presented  in  lahles  l'-.l 
thicegh  C-7.  The  combustor  operating  eruditions  are  listed  from  vhich  the 
simulated  flight  conditions  vote  determined,  and  In  the  remarks  eolumn,  the  type 
of  data  point  is  indicated  (LICH1  *  maximum  altitude  relight  capability  at  no  final 
minimum  tue*l  t  lov  fate,.  Pttd  *»  pressure  blovout,  tlO  *  lean  lighten.  I  HO  a  loan 
blowout) • 

Detailed  results  of  the  cold-day  ground  start  tests  ate  listed  in  lahles 
C-b  through  Oil.  At  each  combustor  operating  condition  shown,  loan  Ughtott 
and  lean  blowout  fuel-alt  ratios  veto  determined  vhlch  are  listed.  All  lighten 
attempts  vere  successful,  so  each  test  vas  tevnuxAt^d  only  after  Uiv  planted 
WituniHffl.  temperature  (239^)  y%a  reached.-. 
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ble  C-3.  Altitude  Relight  Test  Results,  Fue 


Table  C-4.  Altitude  Relight  Test  Results,  Fuel  Numbers  6  and 
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Table  C-8.  Ground  atari  Test  Results,  Fuels  1  Through  3. 


Combustor  OperatiBg  Conditions 


Lsan  Blowout 


(Engine) 


Lesn  Llghtoff 

% 

f 

g/s 

g/kg 

20.8 

6.5 

25.6 

8.1 

27.6 

8.7 

26.1 

8.2 

27.3 

8.7 

28.9 

9.1 

32.8 

10.3 

29.6 

9.3 

22.9 

7.2 

28.6 

9.0 

28.6 

3.9 

31.9 

10.0 

27.6 

8.7 

"V 

f-  * 


Table  C-9.  Ground  Start  Test  Results,  Fuels  4  Through  7. 


Combustor  Operating  Conditions 


Lean  Blowout 


Lean  LighLoff 


T  _ 

—  ’  " 

1’ 

P 

w 

6P 

f 

Wr 

f 

F 

■V 

3 

C 

~P 

f 

f 

(engine) 

(engine.) 

K 

K 

kPa 

kg/s 

% 

g/s 

g/kg 

g/s 

8 /kg 

277.4 

278.0 

■an 

3.175 

0.66 

14.5 

4.6 

40.6 

12.8 

272.9 

272.0 

■SH 

3.175 

0.73 

17.4 

5.5 

41.8 

13.2 

268.5 

267.0 

102.5 

3.175 

0.68 

17.6 

5.5 

44.1 

13.9 

261.5 

261.2 

102.5 

3.175 

0.61 

15.8 

5.0 

42.7 

13.4 

254.0 

255.8 

102.5 

3.175 

0.74 

20.7 

6.5 

46.4 

14.6 

250.9 

249.3 

102.5 

3-175 

0.60 

18.6 

5.9 

47.9 

15.1 

244.8 

242.8 

102.5 

3.175 

0.51 

18.8 

5.9 

52.3 

16.5 

238.5 

237.5 

102.4 

3.175 

0.49 

20.8 

6.6 

59.1 

18.6 

277.0 

277.4 

102.0 

0.71 

18.3 

5.8 

34.0 

10.7 

272.5 

272.2 

102.0 

. 

0.73 

18.3 

5.8 

33.1 

265.9 

267.5 

102.0 

.  : 

0.61 

18.8 

5.9 

36.5 

11.5 

262.1 

260.4 

■ 

0.81 

18.3 

5.8 

38.4 

12.1 

254.7 

256.0 

102.0 

3.175 

0.76 

19.5 

6.1 

4o.l 

12.6 

250.9 

248.3 

102.0 

3.175 

0.61 

19.8 

6.2 

44.0 

13.9 

244.8 

245.0 

102.0 

3.175 

0.54 

21.0 

6.6 

45.4 

14.3 

238.6 

237.8 

101 .9 

3.175 

0.55 

20.9 

6.6 

44.0 

13.9 

275.8 

277,4 

101.7 

3.175 

0.67 

20.2 

6.4 

42.7 

13.5 

273.7 

272.3 

101.7 

3,175 

0.67 

11.3 

3 . 6 

1  “7  Q 
-<  #  •  V 

11,9 

267.2 

265.5 

101.7 

3.175 

0.73 

10.7 

3.4 

43.2 

13.6 

263.5 

260.7 

101.7 

3.175 

0.64 

7.6 

2.4 

39.1 

12.3 

255.8 

256.3 

101.7 

3.175 

0.64 

14.5 

4.6 

41.5 

13.1 

251.3 

244.0 

101.7 

3.175 

0.62 

12.0 

3.8 

42.2 

13.3 

246.7 

24  3.2 

101.7 

3.175 

0.61 

10.7 

3.4 

42.2 

13.3 

240.2 

239.0 

101.7 

3.175 

0.64 

20.8 

6.6 

44.1 

13.9 

280.0 

276.6 

99.4 

0.61 

26.8 

8.4 

BE 

272.0 

272.0 

99.4 

0.60 

28,9 

9.1 

■SB 

263.  S 

265.4 

99.4 

3.175 

0.60 

28.4 

8.9 

60.2 

19.0 

262.3 

263.1 

99.4 

3.175 

0.58 

3C.2 

9.5 

59.1 

18.6 

258.1 

254.6 

99.5 

3.175 

0.56 

28.9 

9.1 

56.6 

17.8 

249,6 

248 . 5 

99.5 

3.175 

0.70 

32.8 

10.3 

59.0 

18.6 

245.8 

243.4 

99.7 

3.175 

0.64 

37.0 

11  .7 

61.7 

19.4 

239.3 

240. 1 

9  y.8 

— — _ — 

3.175 

0.65 

36.3 

11.4 

61.2 

19.3 

Table  C-1G.  Ground  Start  Test  Results,  Fuels  8  Through  1.1 


Combustor  Operating  Conditions 


P , 

1  (engine) 


'1.175 

3-175 

3.175 

3.175 

3.175 

3.175 

3.175 

3.175 


256. A 

251.5 

246.3 
239.9 


278.4 

271.1 

262.6 

252.5 

249.6 

243 . 7 

248.3 


277.5 

274.4 

266.1 
262.0 

257.5 

248.1 
247.0 

245.7 


t  / 1 .  t 

270.9 

267.5 

256.7 

255.7 

249.8 

245.3 

238.6 

276.9 

272.5 

261 .4 

255.5 

248 . 5 
243.8 

238.6 


277.5 

271.4 

266.4 

260.3 
256.8 

250.1 

239.4 

245.1 


101.2 

101.3 

100.3 

101.5 

101.6 
101.6 


Lean  Blowout 

Wf  1 
(engine) 

g/s  g/kg 


27.5 

8.7 

27.0 

8.5 

27.0 

8.5 

15.0 

4.7 

20.8 

6 . 6 

23.9 

7.5 

30.2 

A  C 
^  t  J 

31.2 

9.8 

3i  .2 

9.8 

32.0 

10.0 

32.0 

10.0 

32.6 

10.2 

32.6 

1 0 . 2 

34.0 

10.7 

2  3 , 3 

7.3 

19.5 

6,1 

20.2 

6.4 

22.7 

7.1 

19.5 

6.1 

21.4 

6 . 7 

21  ,4 

6.7 

38.7  i.2.0 

39.7  17.5 

36.4  11.5 


- -  - 

Lean  LIghtoff 

Wi 

i" 

r./u 

g/kg 

48.9 

m 

52.7 

BH 

49.1 

15.5 

52.3 

16.5 

47.3 

14.9 

40.3 

12.7 

44.7 

14.1 

46.4 

14.6 

j  ?  7  o  ■»  i  o  k 

34.6 

1C. 9 

36.5 

11.5 

37.8 

11.9 

37.2 

11.7 

41.0 

12.9 

40.3 

12.7 

48.5 

15.2 

42.8 

13.4 

42.5 

13.3 

40.1 

12.6 

42.2 

13.2 

40.3 

12.0 

42.6 

13.4 

43.2 

13.6 

52 . 3 

16.5 

47.9 

15.1 

50.4 

15.9 

46.5 

14.7 

47.9 

15.1 

49.1 

15.4 

53.6 

16.9 

43.5 

15.3 

Table  C-ll.  Ground  Start  Test  Results,  Fuels  12  and  13. 


Combustor  Operating  Conditions 

Lean  RXowout 

Lean  Lig3toff  I 

^3 

P3 

w 

c 

AP 

V 

Wf 

f. 

w 

wf 

Fuel 

No. 

(engine) 

(<*nyine) 

K 

K 

KPa 

kg/s 

X 

g/s 

g/kp. 

g/s 

g/kg 

12 

27  7.3 

277.2 

100.1 

3.18 

0 . 60 

33.9 

10.7 

42. 2 

13.3 

270.  4 

27 J  .6 

100.1 

3.18 

0.56 

30,1 

9.5 

41.3 

13.0 

266.4 

267.0 

100.1 

3.18 

0.64 

30.2 

9.5 

40.2 

12.6 

262,0 

259.5 

100.2 

3.18 

0.47 

34.6 

10.9 

40.3 

12.7 

25. S.  4 

254.7 

100.1 

3.18 

0.58 

25.8 

8.1 

38.4 

12.1 

252,6 

2  50 . 0 

i  no  i 
-  w  w  •  *- 

3.18 

A  C'l 

\J  m  J  A- 

r\ 

*.  j  .  yJ 

rv  y 

?  r  1 

<  -k  A 

HA  .U 

12.9 

24  5 .  V 

245.6 

100.1 

3.18 

0 . 54 

32.3 

10.3 

45.4 

14.3 

254.4 

237.9 

100.2 

3.18 

0 . 66 

32.1 

10.1 

47.2 

14.9 

13 

279.6 

278.8 

100.0 

3.18 

■ 

25.2 

7.9 

54.1 

17.0 

270.0 

273.9 

100.2 

3.18 

25.3 

8.0 

56.0 

17.6 

266.3 

100.6 

3..  18 

26.4 

8.3 

51.0 

16.0 

260.6 

100.8 

3.18 

26.7 

8.4 

51.4 

16.1 

255.4 

100.8 

3.18 

B  \  1 

27.0 

8.5 

55.4 

17.4 

251 .4 

100.8 

3.18 

0.75 

28.9 

S.l 

5  7 . 9 

18.2 

246.8 

246.0 

100.8 

3.18 

0.72 

32.7 

10.3 

63.0 

19.8 

243.7 

240.3 

100.6 

3.18 

0.74 

39.6 

12  A 
—  ...  j 

76.3 

— 

24.1 

APPENDIX  b 


FUEL  NOZZLE  FOULING  TEST 


Fuel  nozzle  fouling  tests  were  conducted  in  a  small  f lame -tunnel  rig 
using  apparatus  and  procedures  described  in  Section  V-C.  Primary  results  were 
periodic  bench  flow  calibrations  of  the  fuel  nozzles  to  detect  metering  orifice 
plugging  and/or  flow  divider  valve  seizure.  These  results  were  supplemented, 
with  visual  inspection  of  the  fuel  nozzle  tip  and  flow  divider  valve  components. 
As  described  in  Section  VI-A-9 ,  two  types  of  fuel  nozzle  configuration  were 
tested.  Blocked  flow  divider  valve  configuration  periodic  flow  calibration 
results  are  listed  in  Table  D-l.  Standard  fuel  nozzle  actual  periodic  flow 
calibration  results  are  listed  in  Table  D-2,  which  have  been  normalized  in 
Table  D-3. 
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Table  D-l .  Fuel  Nozzle  Fouling  Test  Results  with  Blocked  Secondary 
Orifice  Valve. 


Fuel  Temperature  478  K 


Test 

Fuel 

Number 

Fuel 

Nozzle 

Serial 

Number 

Test 

Time, 

Minutes 

Fuel  Flow  Rate,  g/s 
at  AP  =  0.552  MPa 

Fuel  Flow  Rate 

Pretest  Fuel  Flow  Rate 

1 

76520 

0 

8.57 

__  _ 

100 

8.44 

0.985 

300 

8.44 

0.985 

2 

80417 

0 

8.27 

— 

100 

8.27 

1.000 

300 

O  O  "» 

.  L  i 

1.000 

3 

76520 

C 

8. 19 

— 

100 

8.20 

1.001 

300 

8.06 

0.984 

4 

106575 

0 

8.69 

100 

8.57 

0.986 

300 

7.87 

0.906 

5 

76520 

0 

9.05 

— 

1  /x  o 

1  uu 

8.95 

0.9t 

300 

8.63 

0.954 

6 

80417* 

0 

9.13  | 

— 

1G0 

8.04 

0.881 

300 

4.85 

0.531 

Table  D-2.  Fuel  Nozzle  '.'on  1  i nj;  Test  Results  with  Sl.iiulai'J  Dual 
Orifice  Fuel  Nozzle. 


Fuel  Flow  Rate  (j;/s)  at  ,M‘  .  (Ml'n) 


2.068 


■ 

0. 

55  2 

a 

51 

8. 

5o 

a, 

19 

a, 

12 

10, 

45 

8, 

28 

8, 

13 

8, 

69 

a. 

04 
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Table  D-3.  Normalized  Fuel  Nozzle  Fouling  Test  Results  with 
Standard  Dual  Orifice  Fuel  Nozzle. 


Test  Fuel 
Number 

H 

■5  1 

u  Z 

O 

Z  rH 

fH 

01  U 

3  41 

^  t/i 

Fuel 

Temperature ,K 

Test  Time, 
Minutes 

_ 

(Fuel 

Flow  Ksto)/(Pretest  Fuel 

•Tow  Rate)  at  AP^. 

(MPa) 

0.552 

7 

0.862 

2.063 

3.447 

2.068 

0.862 

0.552 

1 

80417 

436 

100 

0.995 

1.006 

1.014 

1.040 

1.014 

1.003 

436 

300 

0.996 

0.968 

0.997 

0.995 

0.991 

0.957 

0.984 

2 

76520 

436 

100 

0.999 

0.938 

0.982 

0.990 

0.992 

0.991 

1.256 

436 

300 

0.987 

0.955 

0.984 

0.989 

0.990 

0.987 

0.995 

1 

76520 

478 

100 

0.810 

0.975 

0.965 

0.975 

0.966 

1.044 

478 

1.166 

0.588 

0.877 

0.871 

0.881 

0.940 

0.965 

2 

158578 

478 

100 

0.973 

0.846 

0.976 

0.970 

0.976 

0.987 

1.040 

/TO 
-•  /  V 

JUU 

0.950 

0.827 

0. 9/9 

0.920 

0.976 

0.973 

0.996 

3 

106575 

478 

1.026 

G.990 

1.000 

0.990 

1.005 

0.991 

473 

300 

0.936 

0.979 

0.946 

0.936 

0.991 

7 

122372 

476 

1 .001 

0.865 

0.982 

0.984 

0.982 

0.980 

0.994 

478 

300 

0.937 

0.765 

0.973 

0.964 

0.973 

0.989 

0.974 

8 

82575 

478 

0.938 

0.894 

0.928 

0.931 

0.964 

1.031 

1.076 

478 

0.991 

0.865 

0.771 

0.708 

0.785 

0.927 

1.020 

9 

132823 

478 

1.014 

0.910 

0.934 

1.009 

0.999 

0.964 

1.001 

478 

0.994 

0.771 

0.1  >6 

0.906 

0.932 

0.990 

0.987 

10 

35922 

478 

100 

0.933 

0.907 

0.879 

0.908 

0.929 

1.017 

1.090 

476 

0.901 

0.746 

0.826 

0.880 

0.918 

0.917 

1.015 

11 

131471 

478 

100 

0.998 

0.806 

0.836 

0.862 

0.894 

0.970 

0.998 

478 

300 

0  091 

0.8/ u 

0.787 

0.758 

0.  784 

0.915 

0.990 

12 

23878 

478 

100 

0.962 

0.946 

0.952 

0.974 

0.957 

1.135 

478 

300 

0.952 

0.881 

0.861 

0.844 

0.900 

0.872 

1.176 

13 

87960 

478 

100 

1.014 

0.910 

0.967 

0.964 

0.967 

0.979 

1.001 

■ 

_ 

478 

0.994 

0.839 

0.982 

0.960 

u.  *32 

0.957 

0.965 

APPENDIX  E 


SMOKE  DATA  CALCULATION 


In  this  program,  combustor  component  rig  tests  were  conducted  in  which 
smoke  emission  levels  were  measured  at  the  combustor  exit  plane  by  the  method 
specified  in  Reference  4,  The  result  is  a  Smoke  Number  (SN)  which  expresses 
the  opacity  of  filter  paper  that  has  been  stained  by  the  exhaust  gases.  SN 
is  therefore,  not  a  true  thermodynamic  property  of  the  exhaust  gas.  A  relation¬ 
ship  between  SN  and  carbon  weight  fraction  (Xc) ,  which  is  a  thermodynamic  property, 
is  presented  in  Reference  12.  This  relationship  is  reproduced  in  Figure  E-l. 


When  combustor  exhaust  gases  are  diluted  by  turbine  cooling  air  as  they 
are  in  the  J79  engine,  both  SN  and  Xc  are  reduced.  Smoke  emission  index  (EIS)  g 
carbon/kg  fuel,  however,  remains  constant.  El g  is  calculated  by  the.  relationship: 


eis  -  (*c.)  (imiii)  < 


10-3) 


where : 


i  =  engine  station  where  sample  is  taken 
f  =  fuel-air  weight  ratio  (g  fuel/kg  air) 


Therefore,  engine  smoke  level,  which  would  be  measured  at  engine  Plane  8,  can  be 
calculated  from  combustor  rig  measurements,  taken  at  simulated  engine  Plane  4,  by 
the  following  procedure: 


1.  Measure  (SN4)  and  f4)  at  simulated  engine  test  conditions 


2.  SN4 


kC4 


ttrom  Figure  El) 


3,  ET  =  i'1000  -+  r,n~3\ 

—  ■»  v, -t  '  '  r  t  \-*-w  / 

4.  Cycle  data  -»■  fg  at  simulated  engine  test  condition 


5.  Xc8  =  EIS 


-)(10J) 


k1000  +  f8' 

6.  Xcg  -*■  SNg  (from  Figure  E-l) 

For  the  J79-17A  engine,  fg/f4  =  0.83d  at  non-afterburning  operating  conditions. 
In  the  test  data  summary,  SN4,  Xcg,  EIS,  and  SNg  are  all  tabulated  in  Tables 
A1  and  A2  for  possible  future  use. 
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Exhaust  Gas  Carbon  Concentra 
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Best  Available  Copy 


APPENDIX  F 
NOMENCLATURE 


SYMBOL 

UNITS 

A 

Area 

2  2 
cm  ,  mm 

CO 

Carbon  monoxide 

- 

C02 

Carbon  dioxide 

- 

CWALF 

Clockwise  aft  looking  forward 

- 

El 

Pollutant  emission  index 

g  pollutant/kg  fuel 

FBP 

Final  boiling  point 

K 

H 

Fuel  hydrogen  content  (weight  Z) 

wt  Z 

HC 

Hydrocarbon 

- 

IBP 

Initial  boiling  point 

K 

JFTOT 

Jet  Fuel  Thermal  Oxidation  Tester 

- 

NOx 

Total  oxides  of  nitrogen  (-NCHN02) 

- 

Q 

Heat  of  combustion 

MJ/kg 

S 

Combustor  operating  severity  parameter 

- 

SMD 

Sauter  mean  diameter 

- 

SN 

Smoke  number  (by  ARP  #1256) 

- 

T 

Temperature 

K 

V 

Velocity 

m/s 

w 

Mass  flow  rate 

g/s,  kg/s 

X 

Exhaust  gas  pollutant  concentration 

mg  pollutant/kg  air 

b 

Curve  fit  equation  intercept 

- 

f 

Fuel-air  ratio 

g  fuel/kg  air 

h 

Absolute  humidity 

g  H20/kg  air 

k 

Arbitrary  constant 

- 
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SYMBOL 

■  Curve  fic  equation  slope 

n  Hydrogen-to-carbon  atom  ratio 

q  Heat  flux 

r  Curve  fit  correlation  coefficient 

x  Independent  variable 

y  Dependent  variable 

AP  Pressure  drop 

AT  Temperature  rise 

n  Combustion  efficiency 

v  Viscosity 

p  Density 

a  Surface  tension 

♦(f)  Fuel-air  ratio  function  (Figure  38) 


SUBSCRIPTS 


3 

4 

a 

c 

e 

f 

m 

r 

st 

L 

gs 

TC 

s 

avg 

max 

OGV 

TND 

Imm.max 


Compressor  exit  station  (Combustor  inlet) 

Combustor  exit  station 

Engine  exit  station 

Combustor 

Effective 

Fuel 

Metered 

Reference 

Stoichiometric 

Liner  (metal) 

Gas  sample 

Thermal  (Thermocouple) 

Sample 

Average 

Maximum 

Outer  guide  vane 
Turbine  nozzle  diaphragm 
Immersion  Maximum 


UNITS 


kW/m2 


mPa 

K 

X 

2. 

mm  /s 
kg/m3 
mN/m 
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